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We calculate the scalar self-force experienced by a scalar point-charge orbiting a Kerr black hole
along rf-resonant geodesics. We use the self-force to calculate the averaged rate of change of the
charge’s orbital energy (E), angular momentum (L), and Carter constant (Q), which together
capture the leading-order adiabatic, secular evolution of the point-charge. Away from resonances,
only the dissipative (time antisymmetric) components of the self-force contribute to (E), (L), and
(Q). We demonstrate, using a new numerical code, that during r0 resonances conservative (time
symmetric) scalar perturbations also contribute to (Q) and, thus, help drive the adiabatic evolution
of the orbit. Furthermore, we observe that the relative impact of these conservative contributions
to (Q) is particularly strong for eccentric 2:3 resonances. These results provide the first conclusive

numerical evidence that conservative scalar perturbations of Kerr spacetime are nonintegrable during

rf resonances.

I. INTRODUCTION

Future space-based gravitational wave observatories,
such as the Laser Interferometer Space Antenna (LISA)
[1-3], will extend gravitational wave science into the low-
frequency, milli-Hertz (mHz) regime. Sensitivity to a new
frequency band will facilitate the observation of new as-
trophysical sources, including extreme-mass-ratio inspi-
rals (EMRIs) [4], binaries in which a stellar-mass com-
pact object (mass u ~ 10My) gradually inspirals into
a massive black hole (mass M ~ 10°My). EMRIs are
characterized by their small mass-ratios € = p/M ~
1077 —10~* and the multiperiodic structure of their long
inspirals. A typical EMRI possesses three orbital fre-
quencies! [5]—the azimuthal frequency 4 of the small
body’s revolution about the massive black hole, the ra-
dial frequency (2, of the small body’s libration between
pericenter and apocenter, and the polar frequency £y
of the small body’s nutating orbital plane. The orbital
frequencies slowly evolve as the small body completes
> ¢! orbital cycles before merger. The orbital evolu-
tion is imprinted in the gravitational waves radiated by
the binary, leading to signals filled with rich harmonic
structure that persist for months to years in the mHz
band. Consequently, the cumulative signal-to-noise ra-
tios of these sources will range from tens to hundreds,
providing unprecedented tests of general relativity and
high-precision measurements of EMRI masses and spins
[6, 7].

An interesting feature of EMRIs is that, due to their
evolving tri-periodic motion, many EMRIs will experi-
ence special orbital configurations known as orbital res-
onances. Resonances occur when at least two frequen-
cies of motion form a rational low-integer ratio (e.g.,
0,/Q9 = 1/2). For EMRIs, transient orbital r res-
onances—resonances that form between , and Qp—
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1 If we neglect the spin of the smaller compact object.

are particularly important.? They persist for a resonant
timescale Tyes ~ Me~1/2, and, depending on the orbital
phase at which the EMRI enters the resonance, they can
enhance or diminish the binary’s gravitational wave emis-
sion [15-17]. This alters the inspiral by speeding up or
slowing down the system’s adiabatic loss of orbital energy
and angular momentum (and Carter constant), which
leaves a measurable impact on the gravitational wave-
form [18]. Almost all EMRIs are expected to encounter
at least one rf resonance as they emit observable mHz
gravitational waves [19]. Therefore, failing to accurately
model these resonances can hamper the detection and
characterization of EMRIs by future space-based grav-
itational wave detectors [16, 18, 20]. In this work, we
model the impact of different perturbative effects on the
leading-order evolution of a binary as it passes through
different rf-resonances.

A. Modeling EMRIs via the self-force

EMRIs are naturally modeled within the framework
of perturbation theory and the self-force. In the self-
force approach, the small body is treated as a perturbing
particle orbiting in the stationary background spacetime
associated with the massive black hole [21, 22]. As the
small body orbits in this background, it interacts with
its own perturbations, resulting in a gravitational self-
force (GSF) that provides O(e) corrections to the mo-
tion. The conservative (time symmetric) perturbations
induce a GSF that is responsible for nonsecular changes
in the orbit, while the dissipative (time antisymmetric)
perturbations lead to a GSF that drives the adiabatic

2 Other orbital resonances are either astrophysically improbable,
such as sustained 76 resonances [8], or they are expected to have
a weak, immeasurable effect on EMRI gravitational wave signals,
such as r¢ and 6¢ resonances [9, 10]. EMRIs can also experience
other resonances, such as tidal resonances [11-14], which we do
not consider in this work.
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inspiral of the small body and can be connected to the
orbit-averaged gravitational wave fluxes out at infinity
and down the massive black hole horizon.

The cumulative impact of the self-force on EMRI dy-
namics can be further understood via a two-timescale
analysis [23]. At leading adiabatic order, only the av-
eraged first-order dissipative self-force contributes to the
evolution of the orbital (and gravitational wave) phase,
which accumulate like ~ e~!'. This defines the inspi-
ral timescale T},sp, ~ Me~!. At subleading post-1 adia-
batic order, the oscillatory pieces of the first-order dissi-
pative self-force and conservative self-force induce small
shifts in the orbital parameters, which vary on the orbital
timescale T, ~ M. Additionally, the accumulation of
the averaged second-order self-force contributes at this
order. Altogether, the post-1 adiabatic effects produce
O(1) corrections to the cumulative phase. Therefore, to
generate EMRI waveforms that meet LISA’s subradian
phase accuracy requirement, one must calculate the av-
eraged dissipative components of the GSF to a precision
> €71, since their errors can grow secularly over the in-
spiral, while the oscillatory pieces of the GSF will have
their errors suppressed by O(e) relative to the leading
adiabatic order and thus only need to be computed to a
few digits of precision.

However, this picture is complicated for systems that
pass through at least one orbital 70 resonance. Due to
the presence of a new timescale T}, resonances produce
a post-1/2 adiabatic correction that impacts the phase at
O(e'/2). In the following section we review the source
of this half-order correction and how it impacts the ac-
curacy requirements for self-force calculations.

B. Action-angle variables and EMRI resonances

To better understand the impact of these transient res-
onances, we can describe EMRI dynamics in terms of
action-angle variables, as proposed in [23]. In this mul-
tiscale action-angle framework, the fast orbital evolution
of the system (over timescales Ty,1,) is captured by the
angle variables @ = (w,, wy, wy), whose time-derivatives
give us the frequencies of motion (at leading-order). The
actions J then describe the slow-time evolution of the
system over Tj,sp. Orbital quantities, such as the orbital
energy E, orbital angular momentum L., and the Carter
constant @ (defined in Sec. IT A), provide one suitable set
of actions, leading to the equations of motion,

e = Qc(J)+0(e), J=eFI(Jw)+0(?), (1)

where & = dz/dt; J = (E,L.,Q); J is used to represent
E, L., or Q; and C is used to represent r, 6, or ¢.3

3 In other words we use J to denote a function or coefficient that
is related to E or L, or @, while J is used for quantities that
depend on E and L, and Q.

The F7 are forcing functions that are constructed from
the self-force and, at leading order, can be expressed as
double Fourier expansions in the angle variables,

FI(Lw)ym Y > fi (J)eiheotnen) o (g)

k=—o00 n=—o00

where the Fourier coefficients f]gL only depend on f, and
the forcing functions do not explicitly depend on wg due
to the rotational Killing symmetry of Kerr spacetime.
We can further separate our forcing functions into terms
that only depend on the dissipative self-force, and those
that only depend on the conservative, i.e., 7/ = F&{SS +
FJ .. Based on the symmetries of the dissipative and
conservative pieces, the dissipative contributions reduce
to discrete cosine series,

Fis(Jow) = f50(J) + 2 Re[fs,(J)] cos(nw,)  (3)

n=1

+2 Z Z Re[f (J)] cos(kwg + nw,.)

k=1n#0

+2 " Relf ()] cos(kwe),
k=1

while the conservative contributions reduce to discrete
sine series,

]:é%ns(‘]? w) ~ -2 Z Im[f(')ZL(J)] Sin(nwr) (4)

-2 Z Z Im[ £} (J)] sin(kwg + nw,.)

k=1 n#0
— 2> Tm[f7(J)] sin(kwp).
k=1

Integrating (1) over a period Ti,sp, the oscillatory
pieces of the forcing functions will rapidly vary and
destructively interfere with one another. Thus the
leading-order adiabatic evolution is given by the aver-
aged, nonoscillatory piece of each forcing function. Away
from resonances, the only nonoscillatory terms are the
zero modes from the dissipative contributions,

(J) m e(FT) = e(Fil) = efsh(J)- (5)

However, as the system approaches a resonance, nonzero
(k,n)-modes become stationary and contribute to the
secular evolution of the system. This can be seen by
expanding the angle variables around the exact moment
of resonance tyes, when Q; (tres)/Qo(tres) = U /Qp™ =
Br/Be with B, By € Z. Introducing the condensed nota-
tion z, = kxg + nx, for any arbitrary parameter x, the
phase takes the expanded form

1.
Wi (1) = Wi + QAL + §Q§§,§At2 +O(At?),  (6)



where At =t — tyes and Wiy = Wip (tres). Whenever

nf, + kBe = 0, (7)

s = 0, and the phase becomes stationary (i.e.,
Wi (t) = wi) as long as %Q‘,;e;(t — tres)? < 1. Because
fons ~ €, this criteria is met when [t — t,es| < Me /2 ~
Ties- This defines the resonant timescale. Therefore any
modes that satisfy the resonant condition of (7) will con-
tribute to the secular evolution of the system for a period
Tres>

(N me(F)m Y

kBo+np-=0

ef]gl(J)efiwkn(tms). (8)

Equation (8) differs from (5) in two key ways. First,
the averages depend on the initial angles or phases at res-
onance wj.,. Second, the averages include potential con-
tributions from both dissipative and conservative pertur-
bations. This poses a new problem for numerical models.
Errors in the initial values of wy, or the values of Im| f;gl}
are usually suppressed away from resonances, but during
a resonance they can accumulate and become magnified
by O(¢~1/?). The exact magnification of the errors will
depend on the relative strength of the Fourier coefficients
f,;zb to the dominant mode f@%. Numerically evaluating
these coefficients can, therefore, provide insight into how
these errors grow during a resonance. ) '

Flux-inspired mode-sum expressions for (E), (L,), and
(Q) provide an efficient method for determining the dis-
sipative contributions Re] f}ZL] using the asymptotic be-
havior of the perturbing gravitational field [17], but
these results do not easily extend to conservative pertur-
bations. While these conservative perturbations could
still vanish at leading order during resonances [15], i.e.,
(FJ ) =~ 0, previous authors have hypothesized that
they will contribute to the average rate of change of the
Carter constant, (Q) [24-26], breaking the integrability
of the Hamiltonian conservative system at resonance [27].
There have been attempts to extend asymptotic mode-
sum methods to include conservative contributions [24],
but the regularization of these conservative perturbations
(see Sec. II C) complicates these procedures. Instead we
can calculate f,fn, and thereby the conservative and dis-
sipative contributions to (7), if we know the values of
the GSF along a resonance. However, while GSF calcu-
lations have been performed along generic orbits in Kerr
spacetime, to date these GSF calculations have not been
extended to rf resonances [28].

C. Paper overview

In this paper we make use of a scalar toy model to eval-
uate how, during rf resonances, the conservative contri-
butions to the self-force impact the adiabatic evolution
of EMRIs. Using this model, we also study how numer-
ical errors can propagate during these resonances. For

our scalar model we consider a scalar point charge ¢ on a
r@-resonant geodesic in Kerr spacetime. The charge ex-
periences a geodesic scalar self-force (SSF), which is akin
to the GSF. Neglecting the GSF and treating q2/(uM)
as a small parameter, the scalar self-forced equations of
motion take the same perturbative form as (1), but with
e replaced by g/M. Much like the GSF, the SSF “pushes”
the particle away from a geodesic as it sources the grad-
ual evolution of the orbital parameters F, L., and Q.
This work is an extension of previous results published
by the author [29]. In [29], we presented the first numer-
ical results of the SSF along rf-resonant geodesics. How-
ever, the systematic uncertainty in our SSF results was
too large to make definitive statements about the impact
of the conservative SSF on the secular evolution of our
two-body system. In this work, we have built a new C++
code that is orders of magnitude faster than our previ-
ous Mathematica code and incorporates new algorithms
that have greatly reduced our numerical and systematic
errors, allowing us to accurately calculate (F), (L.), and
(Q) via (1) and (8).

The paper is organized as follows. To set notation, in
Sec. II we review Kerr geodesics, the SSF, and the av-
erage rate of change of the orbital constants, (E), (L.),
and (Q) For brevity, we will collectively refer to these
average rates of change simply as adiabatic or secular av-
erages, since they grow secularly with time. Furthermore,
we will use () to represent all three secular averages. In
Sec. ITI, we describe the methods employed by our new
C++ code for computing the SSF along rf resonances and
then calculating the resulting averaged secular evolution
of the orbital quantities, (7). We highlight two new tech-
niques used by our new code: (1) a Teukolsky solver that
combines confluent Heun expansions, series of hypergeo-
metric functions, and numerical integrators to solve the
Teukolsky equation; and (2) a new application of mode-
sum regularization that directly regularizes the Fourier
harmonics that describe (J). In Sec. IV, we demon-
strate, with new numerical results, that the conservative
perturbations do contribute to the secular evolution of
Q, breaking the integrability of the conservative scalar
system at resonance [27]. We conclude with a discus-
sion of these results in Sec. V. For this paper we use the
metric signature (— + ++), the sign conventions, where
applicable, of [30], and units such that ¢ = G = 1.

II. BACKGROUND

We employ the same resonant scalar model and SSF
formalism used in [29]. The zeroth-order background
motion is given by a geodesic x4 in Kerr spacetime g,,,,
(Sec. IT A). The motion of the scalar charge g sources a
scalar field ®™* (Sec. II B), and the charge interacts with
a regular component of this field ®%, thus experiencing
a SSF F, (Sec. IIC). The SSF then drives the secular
evolution of the energy, angular momentum, and Carter

constant that parametrize the charge’s motion, (E), (LZ>,



and (Q)), respectively (Sec. IID). To establish notation,
in the following section we provide a brief overview of
how we construct these quantities.

A. Bound geodesics in Kerr spacetime

We consider a point particle with mass ¢ on a bound
geodesic in a Kerr background g,,,. In Boyer-Lindquist
coordinates (¢, 7,0, ¢) the Kerr line element reads

2Mr b))
2_ _(1_ 2, X2
ds ( 5 )dt —|—Adr (9)
4 M ar sin®
+Ed92_ﬂdtd¢
sin? 0

> ((r* 4+ a®)* — a®Asin® ) d¢?,
where M is the Kerr mass parameter, a the Kerr spin pa-
rameter, ¥ = r2+a%cos? 0, and A = r?2 —2Mr+a?. The
worldline and four-velocity of the particle are denoted
by = (tp,1p,0p, ¢p) and ut = dal /dr, respectively,
where 7 is the particle’s proper time.

To solve for zl} we leverage the three Killing symme-
tries of Kerr spacetime: the time Killing vector fé‘t) =g",,
the azimuthal Killing vector 5&) = g",, and the Killing
tensor K# [31]. (See Eq. (C23) in [29] for an explicit
definition of K#¥.) Projecting these Killing symmetries
onto the four-velocity of the particle provides us with
four constants of motion: the particle mass p, the or-
bital energy F = —§é)uu = —uy, the z-component of the
orbital angular momentum L, = ff o) ln = Ug) and the
(scaled) Carter constant Q = K*u,u, — (L, —aE)? =
K — (L, — aE)? [32].

With these conserved quantities, we obtain four first-
order ordinary differential equations (ODEs) for x4,
which decouple when parametrized in terms of the Mino(-
Carter) time parameter A [21, 32],

dt
T: = ‘/tr(rp) + ‘/tg(gp)7 (10>

o — 2 o), (1)
% :i\/m, (12)

d
8 Vo) + Vo 0). (13)

where d\ = ¥~ 1dr, and the potential functions are given
by

‘/T(T):PQ(T)—A(TQ-‘,-K), (14)
Vo(0) = Q — L? cot? 0 — a*(1 — E?) cos? 6,
2 +a2
Vir(r) = —x—P(r),  Vi(0) = aL- — a’Esin®0,
Vor(r) = T P(r), V() = L. csc? 6 — aE,

with P(r) = (r?> + a®)E — aL,.
To choose values of (F,L.,Q) that correspond to
bound geodesics, we introduce the orbital parameters

27Amin’rmax

Tmax — "min
_ “minmax — _max  min 15
M(Tmin + Tmax) ( )

- )
Tmin + Tmax

~ Ohnin) (16)

p:

)

B m
T = cos ( 5
where p is the semilatus rectum, e is the orbital eccen-
tricity, and z is (the projection of) the orbital inclina-
tion. The minimum radius 7y, maximum radius ryax,
and minimum polar angle 6,5, = T — Opax represent
the turning points of the geodesic. We first choose val-
ues of (p,e,x), then obtain the corresponding values of
(E, L., Q) using the methods of [5]. Once the constants
of motion have been determined, we solve (10)-(13) using
spectral integration methods [33, 34], which provide ex-
ponentially convergent numerical approximations of the
geodesic solutions.

The resulting bound solutions can be separated into
terms that are periodic and terms that grow secularly.
The radial and polar motion are completely periodic,
with Mino time periods,

Tmax Omax
A= [T A A9=2/ AT
Tmin V VT(T) Omin Ve(e)

and corresponding frequencies,

2 2

Therefore, we represent the radial and polar motion by

rp(A) = Ar0 (T, 0) = Ar() (T + 271), (19)
0,(N) = A0 (TpA) = A (TyA + 27). (20)

On the other hand, coordinate time ¢, and the azimuthal
angle of the particle ¢, not only oscillate with respect to
the radial and polar frequencies, but they also accumu-
late with rates

T=7"+71", Te=1P 1P (2
where
o _ 1Y 0 _ 1 [
T, = —/ Vir(rp)dA, Yy = — Vio(6p)dA,
AT 0 A@ 0
(22)
m_ 1" 0_ 1 "
TT:—/ Vir(rp)dA, Y.~ = — Vo (0,)dA.
@ A Jo ¢ ( p) @ Ao Jo ¢9( p)
(23)
We represent their evolution as
ty(A) = Ted 4+ AL (T, ) + ALO(TpN), (24)

Dp(N) = Tod + A (T,A) + Ap@ (ToN),  (25)



where At Ar(") and A¢(") all share the same periodic
structure, and likewise for At(®) A9(®) and Agp(®.

The exact form of the oscillatory terms in (19), (20),
(24), and (25) depends on the initial conditions of
the bound geodesic. However, it is possible to relate
geodesics that share the same orbital constants, but dif-
ferent initial conditions. To do so we first define a fiducial
geodesic Z#(\) with initial conditions (at A = 0)

i'g (0) = (ip(o)v 72p(o)a ép(0)7 QASP(O)) = (Oa Tmin, emin» 0)
a"(0) = a?(0) = 0. (26)

Then any geodesic with arbitrary initial conditions

2, (0) = (,(0),75(0), 65(0), p(0)) = (Zo; 70, 60, $0)
u"(0) = ug, u?(0) = uf. (27)

can be expressed in terms of the fiducial solutions,

tp(N) = TA+ A (g, + gr0) — A (gr9)  (28)
+ AL (gg + goo) — AI (ggo) + to,

rp(N) = AP (g, + gro), (29)

0p(N) = A0 (g5 + qoo), (30)

Op(A) = Lo + AT (g + gro) — AP (gr0)  (31)
+ 209 (g5 + qo0) — A0 (goo) + o,

where we have defined the phase variables ¢, = T, A and
go = YTeX.* The initial phases ¢ and ggo are set by
the initial conditions (ro,u}5) and (6o, u}), respectively,
and all hatted quantities are constructed assuming the
fiducial conditions of (26).

Together the Mino time frequencies also define the fun-
damental frequencies of the bound geodesic with respect
to coordinate time,

Tr _ T@

Ty
= —_— Q [— —
T, ‘T,

Q. Qg = T, (32)
When at least two of these frequencies are commensu-
rate, the geodesic is said to be resonant. In this work,
we are interested in rf resonances, where Q,./Qy = 8,/5p
with 8., 8¢ € Z. For rf resonances, we define the reso-
nant Mino frequency, resonant Mino period, and resonant

fundamental frequency

TT Tg 2w
T=—=—, A= —, Q= —, 33
Br B T Ty (33)
respectively.

An important feature of nonresonant geodesics is that
they are ergodic or space-filling. Given an infinite amount

4 The phase variables ¢, and gg are equivalent to the geodesic limit
(e — 0) of the angle variables w, and wy introduced in Sec. I if
we had parametrized our equations in terms of X\ instead of ¢.

of Mino time, a nonresonant orbit will uniformly sample
every point on the two-torus spanned by the phase vari-
ables ¢, and gy. In practice, this means that any nonres-
onant geodesic is directly related to a fiducial geodesic
up to some trivial translation in time and azimuth. To
change the initial conditions, we can simply pick new val-
ues of tg and ¢g. Due to the Killing symmetries of Kerr,
time and azimuthal translations do not impact quantities
such as the SSF or the secular rate of change of the orbital
quantities, e.g., (F). Therefore, we can choose fiducial
initial conditions when we model nonresonant geodesics
without loss of generality.

In contrast, resonant geodesics are not ergodic but fol-
low restricted tracks through coordinate space (and on
the g,-go two-torus). Furthermore, different choices of
initial conditions ¢,o and ggo can also lead to unique
trajectories (e.g., Fig. 2 in [29]). Unlike nonreso-
nant geodesics, rf resonances will only map to fiducial
geodesics if they simultaneously pass through 7, and
Omin- This only occurs if the condition

20 _ 10 _ 9N (34)

60 ﬁr

is satisfied for some integer N. Generally (34) is not met.
Nevertheless, two 76 resonances can be mapped onto one
another provided they share the same initial resonant
phase (modulo 27)

= 59 57”

and the same orbital parameters (e.g., F, L., and
Q). Therefore, when constructing the SSF or (Q) (see
Secs. IIC and IID), we must take into account their de-
pendence on the initial phases. In practice, due to the
interdependence of ¢, and ggo in (35), we set g0 = 0 and
parametrize our initial conditions in terms of ggg, without
loss of generality, when dealing with rf resonances.

B. Scalar perturbations of Kerr spacetime

We now consider that our point-mass p, orbiting on a
geodesic zf, also possesses a scalar charge ¢g. The charge
sources a scalar field ® (per unit charge ¢) that satisfies
the Klein-Gordon equation

qg"“jv“qu)(z) = 7471'[)(1‘)7 (36)
where p is the scalar charge density,

d(r —rp)d(cosd —cos,)(¢p — dp)
‘/tr('r) + ‘/te(e) '

Transforming to the frequency domain, we can solve
(36) via separation of variables [32, 35, 36]. We then
obtain the physical retarded solution ®* by imposing
causal boundary conditions at the black hole horizon
ry = M ++vM?2 — a2 and infinity. When ®™* is recon-
structed back into the time-domain, the only frequencies

p(r) =q (37)



that contribute are those that correspond to the discrete
frequency spectrum of the charge’s bound motion,

Winkn = My + kQg + ny.. (38)

As a result, the scalar field can be expressed as a discrete
mode-sum,

N(z) = Y Rignpn (1) Sjmkn (0)e et (39)

jmkn
where we have introduced the compact notation,
oo J [eS) [eS)
)IEDIDIED DD D (40)
jmkn j=0m=—j k=—ocon=—o0

The polar dependence in (39) is captured by the scalar
spheroidal harmonics Sk, (0) [37, 38], which satisfy

d? d
25 cot 9@ —a’w?,, sin®0 (41)
2
+ 2mawmrn — m + Aj7nkn S]mkn(g) =0,

where Ajp,in is the spheroidal eigenvalue. In the limit
aWmkn — 0, Njmrn — {({ + 1) and (41) reduces to the
spherical harmonic equation. Therefore, the Sjpk, can
be expressed as rapidly convergent sums of spherical har-
monics,

) = b in Yim (6, 9), (42)
=0

where the coupling coefficients b’ satisfy a three-term

jmkn
recursion relation [39, 40].

The radial dependence in (39) is captured by the
Teukolsky solutions Ryffm( ), which satisfy the inhomo-

geneous spin-0 radial Teukolsky equation

d? d
dr2 + GT( )d +Uj m/m( ) ijkn(r) = ijkn(r>7
(43)
with causal boundary conditions [36], where
2(r— M
GT(T) - %, (44)
r? + a*)wmin —mal®  Njmkn
U]mkn( ): [( )AQ } - ]A ) (45)

and Zjmkn is the radial component of the mode-
decomposed source, p, given in (37). The causal bound-
ary conditions are captured by the unit-normalized ingo-
ing and upgoing homogeneous solutions, which have the
respective asymptotic behaviors,

Rj_m,m(r — 14) ~ e PmknTs (46)
n eWmknTx
R o (r = 00) ~ ———, (47)

r

where pign = Wmkn —ma/(2Mr.) is the horizon-shifted
frequency, and r, is the tortoise coordinate defined by
the differential relation dr,/dr = (r? + a?)/A.

While we could reconstruct ®™* using (39), the re-
sulting field exhibits Gibbs ringing in the source region
Tmin < 7 < max due to the pointlike distributional source
in (37). Therefore, we circumvent the Gibbs phenomenon
by applying the method of extended homogeneous solu-
tions [41-43]. Outside the source region (r < 7min and

T > T'max) R]‘;ft,m simply reduces to the homogeneous so-

lutions R ,, multiplied by complex normalization coef-

ficients C

jmkn>

R (r <rmin) =C5 . R (r), (48)

jmkn jmkn=Yjmkn

R;?:Lkn(r > Tmax) - C+ R+ (T‘) (49)

jmkn*Yjmkn

The CE imkn) also known as Teukolsky amplitudes, are cal-
culated using the standard method of variation of pa-
rameters, as outlined in [29, 34]. Importantly, varying
the initial phases of the scalar charge’s orbit will change

CE by an overall phase factor [17, 44]

jmkn

&mkn (£0,4r0,400,60) St
jmkn>

(50)

where the fiducial coefficients C'F are calculated as-

jmkn
suming fiducial initial conditions (26), and the phase fac-

tor &,kn 1S given by
Emin (to, Gro, 900, P0) =
m(A6") (gr0) + A0 (4o0) — o) — kaoo (51)
— Wik (AET) (gr0) + AL (ggo) — to) — ngro.

Consequently, in the vacuum regions of spacetime @
can be reconstructed from an exponentially convergent
sum over the homogeneous radial solutions R

*
FU <) =5 S G (Vi (.0), (52)
- épf (Z)Hl (53)
(1 > ) Z Z Vi (6:7)Yim (8, 6), (54)
ot (Z;l (55)

where we have introduced the extended homogeneous
mode functions,

wlm t T‘ Z Z Z wl]mk:n 1wmknt’ (56)
k=—00n=—00 j=|m|
d}li]mkn( ) jmkncjimk:n 7mk:n(r) (57)

To obtain ®*°* over the entire radial domain, we simply

extend our homogeneous solutions into the source region,
e.g.,
™ (t,1,0,¢) = D7 (t,7,0,9)O(ry(t) — 1) (58)

+ @ (t,7,0,0)0(r —ry(1)).



While o (t,r) and w;mkn(r) are not formal solutions
of our inhomogeneous Teukolsky wave equations, sum-
ming over all of the extended harmonic modes results in
a convergent field solution that is free of Gibbs ringing
and accurately represents ®™* over the entire spacetime
domain up to the charge’s worldline .

C. Scalar self-force

Now we take into account the backreaction of the scalar
field on the charge ¢q. This produces a SSF F,, (per unit
charge squared) that drives the inspiral of the particle
[45],

ulV,, (pu®) = ¢ F°. (59)

While the field ®'* formally diverges along the charge’s
worldline (where the SSF is evaluated), only a regular
component of the field contributes to the SSF. This regu-
lar contribution is completely captured by the Detweiler-
Whiting regular field ®F [46],

F* = lim g*’VzoR, (60)

ZL‘A)ZL'p

though it is often convenient to further decompose ®F
into its conservative and dissipative pieces, ®F = doons +
®diss resulting in conservative and dissipative contribu-
tions to the self-force,

F;ons _ vaq)cons’ F((Xiiss _ va@diss’ (61)

respectively. The dissipative scalar perturbations are as-
sociated with the radiative field @455 = 1(@ret — padv)
that drives the inspiral of the scalar charge, where ®24v
is the advanced field solution of (36). While ®'* and
®24v diverge along the worldline, their singular behav-
iors perfectly cancel when constructing ®4% result-
ing in a smooth, well-defined field along the worldline.
The remaining conservative scalar perturbations ®°°" =
®R — @i only source nonsecular changes in the motion
when the system is not in resonance. In this work, we
investigate whether this behavior also extends to reso-
nances.

To calculate these conservative perturbations, we first
construct the regular field from the difference ®% =
ot — &5, where @3 is the Detweiler-Whiting singular
field. Like ®**, ®S satisfies (36), but with nonradiative
boundary conditions that result in a solution that cap-
tures the local, singular behavior of the field. Therefore,
S also diverges at the location of the charge, requiring a
regularization procedure that delicately handles the sub-
traction of ®™* and ®°. In this work we employ mode-
sum regularization [47, 48], in which the divergent quan-
tities FIt = V,®™" and FS = V,®% are decomposed
onto a spherical harmonic basis, resulting in finite multi-
pole moments (spherical harmonic I-modes) that can be
subtracted mode by mode,

o0
> (mt-F). (62)

=0

F,= lim

r—*tx,

The + notation takes into account that F'°t! and F5! are
discontinuous at z1; therefore, their values depend on the
radial direction from which we approach the worldline.
While we only need to regularize FS°"°, in practice we
first compute F, via (62) and then use it to construct
Feons and Fiss,

An advantage of this mode-sum approach is that Fsil
can be expressed as a series of [-independent regulariza-
tion parameters, which are constructed by expanding ®°
in the local neighborhood of z£ [46, 48, 49],

1
Fl = +5Aa(20+1) + Ba (63)

o n D&Qn)
+nz::1;£[1 (20 +2k+1)(20 — 2k + 1)

The higher-order parameters, DE?”’, are not strictly

needed for convergence. They vanish when summed over
all [-modes,

o n D(Qn)
§ = =0, (64)
. 2l4+2k+1)(20 -2k +1)

but each additional Dézn) that we incorporate in our
mode-sum regularization increases the rate at which the
sum in (62) converges. Including parameters up to
N = Nmax results in (62) converging like [~ 2(mmaxt1)  Thyig
is particularly useful in our numerical calculations, where
we are forced to truncate the sum at some finite | = [}, a«.
In this work, we make use of A,, By, and D((f), which
were analytically derived by Heffernan [50] and are avail-
able on Zenodo [51].

Using our results from Sec. II B, it is straightforward
to Cons?ruct the time, radial, and azimuthal components
of Frebt,

e}

l l
Ftrit,l: Z Ftrit7l”L: Z 6t’(/Jlfn(t,7"))/lm(9a¢)7 (65)

m=—1 m=—1

! !
F = 3" T = 3 0, (1) Yim (0, 6), (6)

m=—1 m=—l
l l
ot = Y gl =Y imip, () Yim (6, 9).
m=—1 m=-1

(67)

Assembling the polar component is more complicated.
Taking the polar derivative of (52)-(58) results in a series
of spherical harmonic derivatives,

l
Fytt = 3" g (8,1)06Yim (0, 9), (68)

m=—I

instead of the spherical harmonic basis needed for our
regularization scheme. Unfortunately, simply reexpand-
ing (68) onto a basis of spherical harmonics is computa-
tionally impractical due to the strong coupling between
39Yim and Yy, [43].



To circumvent this issue, we follow the methods of [43]
and multiply ®™* by a suitable window function f(x)
so that the combination f9yY;,, can be reexpressed as
a finite series of spherical harmonics. If the windowed,
unregularized self-force field,

Fgt(x) = Vo [f(2)®" ()]
= f(2)0p @™ () +

reduces to F;°(x) as we approach the worldline (i.e.,

3t — Fp* as o — xF), then we can calculate Fy
5

O (2)0pf (), (69)

via the mode-sum regularization of F}et(z),

- ret ®, D(2)
. ( t-Bo- (21—1)9(21+3)>' (70)

=0

Fg = lim

rz—tx

where we have made use of the fact that 1219 = fl¢ =0
along all geodesics in Kerr spacetime. For a general
choice of f(z), the new regularization parameters By and
Dé@ will differ from the original analytically known pa-
rameters By and Déz), because our window function will
also change the structure of the singular field. To ensure
that By = By and D(2) D(gQ), we must choose f(z) so
that the singular structure of ® is preserved at its first
few leading orders. (See Appendix A for more details.)
This is achieved if f(cosf) =1+ O(cosf — cosB,)*.
Therefore, we introduce the window function

3
£(6,6,) = Zaj(Gp) cos’ fsin 6, (71)
§=0
where
2 —7cos? 6, + 8cos* 0,(1 — cos? 0
a0(0y) = pt Scon L= l) - (zg)
sin’ 4,
3cos? 0,(1 + 4 cos? 6,,)
a1(0p) = o =, (73)
b 2sin” 6,
1 —8cos?0,(1 + cos?0,)
() = - =, (74)
b 2sin” 6,
cos 0, (3 + 2 cos? 6
as(6) = =00 200w O] (79
P

With this window function, we get a finite coupling be-
tween the spherical harmonics and their derivatives,

Z ﬁlm

n=—4

f(0,05)0Yim (0, ¢) = p)Yiinm(0,¢), (76)

5 Alternatively, we can think of this window function method as a
process for choosing a different extension of the self-force oper-
ator away from the particle’s worldline, i.e., Vo — f(2)Va, as
done in [28].

where 51(7:? is defined in Appendix A. As a result,

l
ret,l ret,lm
Feit' = Z Feit (77)

m=—1

- Z Z 5l(+:)m

m=—Iln=—4

Vit (t7)Yim (6, 0),

which is amenable to mode-sum regularization.

The final step before mode-sum regularizing the SSF
is to construct the retarded self-force multipole contribu-
tions along the worldline of our point charge. To do so, we
follow the methods outlined in [29]. First, we assume that
our point charge is following a fiducial resonant geodesic
@ given by (28)-(31) with to = g0 = geo = ¢o = 0. We

then construct F, riﬁl via (65)-(67) and (77
i along 21, e.g.,

both F™"" and F
Fretl(t r, 0 ¢) ril(tp(A) Tp( ) ( ) ¢p( ))

When evaluating the mode functions along the worldline,
the terms that accumulate linearly with A cancel, allow-
ing us to instead parametrize F™"!, F5: and F, in terms
of the phase variables ¢, and ¢ [28, 29]. Therefore, in a
slight abuse of notation, we use F;eit’l(qr, ), FSi(qT, o),
and F, (¢r, qo) to denote the retarded self-force multipole
contributions, the singular self-force multipole contribu-
tions, and the regularized SSF evaluated along a fiducial
geodesic, respectively.

To assemble the dissipative and conservative contribu-

tions to the self-force, we leverage the symmetries of Kerr
spacetime to relate FdlSS and F" to F, [23, 29],

- diss 174 .
EY(g, q9) = 3 [Fa(qraQO) — € Fa(2m — ¢, 27 — qe)} ,
1
2

) and evaluate

(g, q9) = [F (r+ 0) + (o Fa (27 — g, 2m — qe)} ;

(78)

where €,y = (—=1,1,1, -1).

Using these fiducial self-force quantities, we can also
evaluate the SSF for a resonant geodesic with nonfiducial
initial conditions ¢, # 0 and ggg # 0 via the shifting
relation [29],

Fo(¢r, 005 4r0,00) = Falqr + a0, 90 + 0)- (79)

The shifting relation holds for F ;;Et’l(qr7 40; Gro, Qoo) and

FSi(qT,QQ;qro,QQ0)7 as well. Therefore, by computing
the fiducial SSF quantities along a two-dimensional grid
spanned by ¢, and gy, we efficiently capture the evolution
of the SSF along a whole family of resonant geodesics
that share the same orbital constants and frequencies,
but differ in their initial conditions.

D. Secular evolution of F, L., and @

Once we determine the SSF, we examine its impact
on the evolution of the charge. First, we reexpress the



equations of motion (59) in terms of u, F, L., and Q,

dp

= —q*u®F,, (80)
dE ) dL.
dr q ag, dr q Qg, ( )
aQ _ 2P KM 2¢%(L E 82
I =24 uuay, —2¢°(L, — aFE) (ap + aar), (82)

where a” is the self-acceleration of the scalar charge,

ut dp
[—— Ky \F, = FH — — 2, 83
pat = (g"" + utu”) 2 (83)
The leading-order, adiabatic evolution of our system
is captured by the secular rate of change of these orbital

quantities, (f1), (E), (L), and (Q). The brackets denote
an orbit-average with respect to coordinate time,

T
=7 [ X (s4)

where T is the orbital period. We can integrate (80) ana-
lytically,® leading to the trivial result (f) = 0. Following
[52], we reexpress the remaining orbit-averages as inte-
grals over Mino time. Therefore, for a scalar charge g on
a rf-resonant geodesic with initial orbital phase ggo,” the
secular evolution due to the SSF is given by

e

<j>:MATt

A
/ I7 (T A, ToX + qoo)dA, (85)
0

where J is used to represent E, L., or (), and the inte-
grands are given by

Ip = =3, In. = S,ag, (86)
o =25, K" ,a, — (L. — aE) (ay + ady) } (87)

Note that all hatted quantities are evaluated along a
fiducial geodesic that shares the same frequencies as the
scalar charge’s orbit.

As discussed in Sec. I, the averages in (85) will vary
with the choice of initial phase ggg. This is in contrast
to nonresonant orbits, which have no phase dependence.
Therefore, we define the double average

2 A
(o = 5o /O /Om;qeo)cudqeo (88)

to capture the piece of the secular evolution that is inde-
pendent of ggg. Computing this double average is equiv-
alent to computing (J) by naively assuming that our

6 The evolution of the mass is given by u(t) = po — ¢®@R[z} (¢)],
where po is an integration constant commonly referred to as the
charge’s bare mass.

7 Recall from Sec. IT A that, due to the coupling between the radial
and polar motion, we can set g9 = 0 without loss of generality,
provided we allow ggg to be nonzero.

resonant geodesics are nonresonant. The phase depen-
dence of our resonant averages is then captured by the
residual averages,

(87) = (J) = {(T)o. (89)

To compute these averages, we first take into account
that our orbit averages in (85) will depend on both Fdiss
and FS°". Therefore, any quantity that depends on the
self-force can be decomposed into a conservative contri-
bution and a dissipative contribution, e.g.,

(6Q) = (5Q)™™ + (5Q)=°™. (90)

Henceforth, quantities with a “cons” label are calculated
using only Fg°"%, while any quantity with a “diss” la-
bel is calculated using only F{*. Furthermore, we can
decompose quantities into their contributions from both
Fret,l d FS,l

+ an s e.g.,

[0}

(6Q)°" = [Z (0@ - <6Q>il)] —(6Q)". (91)

=0

These decompositions allow us to effectively mode-sum
regularize the secular quantities themselves, rather than
regularizing the self-force and then computing the aver-
aged rates of change. For example, we find that regular-
izing (6Q))°°"® significantly reduces systematic uncertain-
ties in our final results, as we will discuss in Sec. III.

Based on the symmetries of the conservative per-
turbations [see (78)] and global flux-balance arguments
21, 53, 54], (E)°o" = (L,)" = ((Q))s°™ = 0. This
is in agreement with nonresonant orbits, where conserva-
tive perturbations have no impact on the leading-order
secular evolution. However, as discussed in [24-26], dur-
ing 76 resonances these same symmetry and flux-balance
arguments no longer guarantee that (6Q)°°"® will vanish.
Therefore, we compute <(5Q>C°ns for a scalar charge on
several different rf-resonant orbits.

III. NUMERICAL METHODS AND
IMPLEMENTATION

To carry out our calculations we developed a new nu-
merical code in C++, which we will refer to as CPP. CPP
consists of a driver program that calculates, for a scalar
charge following a resonant geodesic, the average rate
of change of its orbital energy, angular momentum, and
Carter constant—(FE), (L,), and (Q)—due to the SSF.
The driver program calls on eight separate modules, each
of which implements a different piece of the self-force
problem outlined in Sec. II:

1. a geodesic module that determines the background
motion of a perturbing particle,

2. a harmonic module that evaluates the frequency-
domain harmonics of the self-force experienced by
a perturbing particle,



3. a spheroidal harmonic module that solves for the
spheroidal harmonics,

4. a radial Teukolsky module that solves for the ho-
mogeneous radial Teukolsky solutions,

5. a source integration module that calculates the nor-
malization constants (Teukolsky amplitudes) due
to the presence of a perturbing point-source,

6. a self-force module that sums over the harmonics
to construct unregularized modes of the self-force,

7. a secular evolution module that determines the av-
eraged rate of change of the background orbital
quantities due to a perturbing force, and

8. a regularization module that regularizes divergent
self-force data.

One advantage of writing this new code is that CPP,
which only relies on floating-point arithmetic at double
precision, is much faster and less memory-intensive than
our old arbitrary-precision Mathematica code, which we
used in previous investigations of the SSF [29, 34]. From
here on, we refer to the Mathematica code as MMA. With
CPP, a typical SSF calculation (for a single resonance
with all initial conditions taken into account) completes
in ~ 300 CPU hours on a laptop with a 2.4 GHz 8-core
Intel Core i9 processor. As a result, SSF calculations
complete in less than a day when mode computations
are distributed across the laptop’s cores with MPI [55].
For comparison, comparable SSF calculations took over
15,000 CPU hours with MMA, and had to be performed
in parallel on a cluster for several weeks. Another benefit
of CPP is that is relies on freely available, open-access
software—such as GSL [56, 57] and Boost [58]—making
it far more accessible than MMA, which relies on propri-
etary software.

Another advantage is that, due to its modular design,
CPP can easily be generalized to the problem of calculat-
ing the GSF in radiation gauges. In fact, our spheroidal
harmonic, radial Teukolsky, and source integration mod-
ules have already been generalized to handle gravitational
perturbations. However, for the purposes of this work,
we will only focus on the numerical implementation of the
SSF problem. In Sec. IITA we describe the CPP driver
program and how it generates the results presented in
Sec. IV, while detailed descriptions of the CPP modules
are found in Appendix B.

CPP implements many of the same numerical meth-
ods used by MMA and outlined in [29, 34], but we high-
light two key differences between these two codes. The
first is that in MMA we determine the radial Teukol-
sky solutions using semianalytic series of hypergeometric
functions derived by Mano, Suzuki, and Takasugi (MST)
[59, 60] that are evaluated at high levels of precision. In
contrast, CPP computes the radial Teukolsky solutions
using a combination of routines that are better adapted
to the limits of double precision, including adaptive step-
size numerical integration, asymptotic expansions, and
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the MST series. (See B5.) This required the develop-
ment of a special functions C++ library that computes a
number of functions in the complex domain, particularly
hypergeometric functions.

The second key difference is that in MMA we first reg-
ularize the SSF, and then we use the regularized data
F, to compute (E), (L,), (Q) as functions of the initial
resonant phase ggg. Therefore, uncertainties and errors
introduced to Fi, by our MMA regularization procedure
are propagated to (F), (L), (Q). In CPP we first calcu-
late the mode contributions to the secular rates of change
using the unregularized SSF modes F’;iﬁ’l, and then we
regularize the coefficients of the Fourier series that rep-
resent our orbit-averaged quantities. (See B7 and BS8.)
Directly regularizing the Fourier coefficients of (E), <Lz>,
(Q) significantly reduces estimated uncertainties due to
mode-sum regularization. We expand on this new regu-
larization scheme in Sec. IIT A.

A. Driver program
1. Input

The driver program requires the following initial in-
puts:

1. The orbital parameters (a,e,z) that describe the
background resonant geodesic of our scalar charge,

2. the resonant ratio f,/Bs of the radial and polar
frequencies;

3. the geodesic sampling number Nge, = 25>, where
Ngeo € Z+;

4. the SSF sampling number Nggp = 2"SSF where

nssk € ZT < Ngeo; and

5. the maximum SSF [-mode ;..

In this work, we typically set ngeo = 12, ngsp = 8, and
lmax = 25.

2. Computing the background geodesic

Given this input, the program first determines the
value of p that produces the resonance Y,/YTy =
Br/Bg. After completing the orbital inputs (a,p,e,z),
the program constructs the fiducial geodesic func-
tions described in Sec. IIA using the geodesic mod-
ule outlined in Appendix B1l. The functions are
evaluated at Nge, evenly-spaced points in ¢, and gy,
resulting in the discretely sampled values Az; =
(AFD, AFD, ArT A0 NG, AGDY, where iy, ip =
0,1,..., Ngeo — 1.



3. Constructing SSF data

After the program constructs the geodesic data, it cal-
culates the unregularized SSF l-modes F'%'" [see (62)]
using the SSF module described in Appendlx B2. The
program samples these modes on an Nggp X Nggp grid in
qr and gy, leading to the discrete mode values F) ;eitlj joo
where the grid points are indexed by the integers j,., jo =
0,1,..., Nssr — 1.

After computing Frilj jo for 0 < 1 < lay, the pro-
gram constructs a number of quantities that are related
to the SSF. First it evaluates the regularization param-
eters on the same Ngsg X Ngsp grid as the SSF us-
ing the regularization module in Appendix B8. Like

F(ﬁl] o the discretely sampled parameters are referred

to as Aa,jm, Bea,j,,‘js, and Dg;ﬂs' Next, it constructs the
l-mode contributions to the dissipative SSF using (78),

Adiss,l _ 1 Fret,l Fret,l
Faidrje - g(FaiijJQ 6((J‘)Fod: iNssr—jr—1,Nssrp—1 Je)

which do not require any regularization. After that,
the program constructs the partially regularized self-force
quantities,

—_

t—A,l 5,1 2

F(Zil:,jrjg F(ie:t,_]rjg §Aa1j7‘j9 (21 + 1) (92)
By removing the leading-order singular behavior in (92),
F ;fﬁ J:L‘Jl and F"°* JAjel should agree to machine precision
in the absence of additional numerical error. Therefore,
taking their difference gives us an estimate of the overall

numerical error in £ Furthermore, using (92), the

az,grjo’
program constructs a third self-force quantity,
Fret—Al .
’]”X" Jr > Nsplita
~ — ret .
ret _A',l _ g < Nspli‘m
as,jirjo —,Jrje
=T 1 ( fret—A,l fret—A,l .
2 (Fa*,jrje + FaJr’jrje) Jr = Nsplitv
(93)

where Ngpii¢ is the value of j, that minimizes the differ-

ence |Af’](:) — \/Tmin"max|-> For eccentric: orbits and high
frequencies, we encounter large cancellations between the
extended homogeneous functions when constructing the
self-force. As observed by previous authors (e.g., [61]),
these cancellations become more severe the farther one
extends the homogeneous functions into the radial li-
bration region of the perturbing point source. Conse-
ret—A,l .
quently, Fa +.j.j, bends to accumulate larger numerical
errors when the scalar charge is closer to 7y, while

t—A,l .
Fre_ inde suffers from larger numerical errors when the

t—A,l
charge is closer to rp.x. Therefore, Fre makes use

s, jrje
of each solution in the region where its numerlcal error is

8 This condition was found through numerical experimentation.
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best mitigated Similarly, the program computes the new

~ diss.l . t— Al fdiss,l 3
quantity F ﬁSJ io by replacing Frei g, with F, fme in

(93). Finally, the driver program constructs the following
contributions to the conservative SSF,

fcons+S—A,l _ pret—A,l Fadiss,l

Fozt i atgrie ~ Fatjrje (94)
Fcons+S—A, l [ret—A,l Fadiss,l (95)
as,jrio as,jrjo as,jrjo”

4. FBwvaluating the dissipative averages

Next, the program uses the secular evolution mod-
ule in Appendix B7 to construct the orbit averages
()4 = ((F))diss 4 (§7)9% defined in (88) and (89).
Rather than directly evaluating ()4 for each value of
q9o, the secular evolution module represents each average
as a Fourier series with respect to ggo and, given some
self-force data, directly computes the Fourier coefficients
of each series.

For the dissipative averages, the Fourier coefficients are
purely real and the Fourier sums reduce to discrete cosine
series,

2
7 iss q~ =7 diss
(g = L g, (96)
.\ diss _ 207 s =7 ,diss
(0 J)ss = . g F T cos kqgo, (97)
k=1
. Lj .
f]{,dlss _ z :]_-];’{l,dlss. (98)

The secular evolution module constructs three estimates
for the Fourier coefficients ]—"k ldlss using the self-force
l-modes FS%! and FOE
uses the values of L7 and K7 and the set of coefficients
Fi ‘7 4iss that minimize the total estimated uncertainty in
() and (575

This uncertainty arises due to several sources of numer-

ical error: (1) ;{lisp the estimated error in Fy ;4 due
~ J ,diss

to the numerical error in Fd1s5¢; (2) 57 i

The driver program then

, the estlmated

fj diss

error in introduced by the numerical methods in

~ J,diss
Uk ,trunc’

error from truncating the sum over [ in (98); and (4)

ol diss the estimated error from truncating the sum over
7). Based on the convergence criteria established

the secular evolution module; (3) the estimated

kin (9
in our SSF module, we expect our dissipative SSF data
to be accurate to a precision of ~ €01 = 10710, Assuming
that this produces a similar error of error in the Fourier
coefficients leads to the conservative estimate

G ~ (5 % ear) x | B0, (99)

The uncertainty O’;Zl ilss on the other hand, is computed

by the secular evolution module as described in Appendix



B7. Meanwhile, the program estimates 57 % to be the

k,trunc
~J,diss ~J,SSF J dlss =7 ,diss
k LJ 9 k; L 9 al d ‘ ‘F |

maximum of & b Lyt1

To get an intermediate estlmate for the uncertamty in
F;; F7diss - denoted by & Nj diss the driver program use the
standard method of propagation of error and adds the

contributing errors in quadrature,
2 2
~J ,diss _ [ =T .diss
(Jk ) - (ak,trunc)
J ,diss J,SSF
+Z[(Jkl ) (k,z )}

Then the final truncation error 1% is taken to be the
J diss

j:-}z}diss | )

(100)

maximum value of 7} and | Consequently,

the program approxnnates the uncertainty in (6.7)% to
be

iss 2 4q4 diss < J ,diss 2
(Ug\l;s) = 3 [( gunc ) Z‘ COs kCIeo‘ ] s
H k=1
(101)
while the uncertainty in ((J))& is given by ogs =
¢*67 " /i We find that the self-force data Fsgs 7 tends

to best minimize the uncertainties Uf}ioss and U?j;s.

5. Bvaluating the conservative averages

The conservative averages are efficiently described by
discrete sine series,

Kz

. 9 2 ~
(8F)°0ms = %Im lz Fil 0" sin kqao] ; (102)

k=1

where the Fourier coefficients are purely imaginary and
({T))5™ = 0. Once again, the driver program first uses
the secular evolution module to calculate the I-mode con-
tributions to £ °°™ using the SSF data FCPst5—4
and Fi‘g“s_’q’l. Like the dissipative case, this leads
to three estimates for the [-dependent Fourier coeffi-
cients F ‘7 cons+5-4 However, unlike the dissipative case,
naively summmg over Fj ‘7 const5-4 1eads to a divergent
result and, thus, these coefﬁments need to be regular-
ized. (See Flgs. 2 and 3.) Much like the SSF itself, these
Fourier coefficients are amenable to mode-sum regular-
ization. Therefore, the program uses the secular evolu-
tion module to generate Fourier coefficient regularization
parameters, .7:",;7’3 and fkj’D, by replacing SSF data with

the regularization parameters B, and ﬁ( ) as input.

The program then submits ]—",f&onﬁs fglions+s A

.7},;7 B and ]:",;7 D 46 the regularization module described
in Appendix B 8. This module produces three estimates
for the regularized Fourier coefficients }21;7 CO"% The reg-
ularization module also outputs estimated uncertainties
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for these regularized coefficients, which we refer to as
&kj’wns. While the conservative averages are subject to
all of the same errors as the dissipative averages, the
uncertainty introduced by regularization, a,{ o " domi-
nates other sources of error, such as the error introduced

~ J ,cons

by the secular evolution module, o}, ;"™ and the numer-

ical error introduced by the SSF data, 0‘7 SSF " There-
fore, the program simply approximates the uncertainty

in <5j>C°“S as

2 4¢' | (.g 2 Alag 2
(a.gf}ns) = F (&trﬁnc ) + Z ‘&k ’ sin kQQO‘ 5
(103)

where, as before, the uncertainty due to truncating our
Fourier series, U{:Zucn(?: ®, is taken to be the maximum value
of 53" and |Fy. ™|, Likewise, the program uses the
Value of K7 and the SSF data that minimize o§7°. We
find that this is usually best satisfied by F;gers Al and
K, =2

IV. SECULAR GROWTH OF THE ORBITAL
CONSTANTS DURING RESONANCES

We use the CPP code outlined in Sec. III to calculate
the average rate of change of E, L., and @ due to the
SSF for the resonant orbits listed in Table I. From here
on we use J to denote I, L., or ). In Sec. IV A we ver-
ify the accuracy of our dissipative averages, (J)4, by
analyzing their convergence and comparing them to the
asymptotic behavior of the scalar field. Then in Sec. IV B
we validate the conservative averages, (6.7)°", by ana-
lyzing their convergence from mode-sum regularization
and verifying that (0E)°°™ and (0L,)°°" vanish as we
expect from flux-balance arguments. After validating our
new methods and code, we demonstrate in Sec. IV C that
(6@Q)°°™® does not vanish for the resonances considered in
this work. Furthermore we estimate the error that is
introduced to the leading-order evolution if we neglect
these conservative contributions. To simplify notation,
we set M = g = 1 for the remainder of this section.

TABLE I. The orbital parameters of the resonant geodesics
studied in Sec. IV. The values of p are truncated at four sig-
nificant digits for brevity. The integers 5, and By are defined

by the relation 8,/8¢ = Y,/ Tg.

label a/M P e x Br/Bo
€02.12 0.9 4.508 0.2 cosm/4 1/2
e02.23 0.9 6.643 0.2 cosm/4 2/3
€05.12 0.9 4.607 0.5 cosT/4 1/2
€05.23 0.9 6.707 0.5 cosm/4 2/3
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FIG. 1. The l[-mode convergence of the Fourier coefficients

]:",;7 l‘diss that describe the dissipative averages (J >diss—where J

represents E, L, or Q—for a 2:3 resonant orbit defined by the parameters (a/M,p,e,z) = (0.9,6.643,0.2,cos w/4). Because
the odd k-modes vanish, we only plot the even modes k = (0, 2,4, 6). The magnitude of the coefficients rapidly decay with both
l and k. Therefore, we see that modes with k > 2 tend to be dominated by numerical error, especially at higher values of [.

A. Validation tests: Dissipative perturbations

First we verify that the coefficients F;;™ converge

exponentially with {. We find that the k —0and k =2
modes consistently exhibit exponential convergence for
each orbit in Table I, while higher-order k-modes are
dominated by numerical noise at larger values of [. To
illustrate this behavior, in Fig. 1 we plot the magnitude
of ]:",;7 l’diss for the €02.23 orbit in Table I. The error bars
represent the estimated uncertainty in each coefficient.
Note that we do not include any odd k-modes, because
they vanish due to the symmetries of Kerr spacetime.
We see that the higher modes possess large uncertainties
and do not exponentially decay but instead vary around
~ 107, Ultimately, this behavior is consistent with
the numerical accuracy of our SSF results, which we ex-
pect to be accurate down to ~ 10713 based on our code’s
mode-sum convergence criteria outlined in Appendix B 2.
Furthermore, we see that the mode content of the dissipa-
tive averages is largely captured by the £k = 0 and k = 2
Fourier modes, while the higher modes are suppressed
by several orders of magnitude. Therefore, our numeri-
cal errors in the higher modes do not have a significant
impact on our calculations of (J)diss.

Next, we validate our calculations of () using a
standard flux-balance comparison [21, 53, 54]. Due to
global conservation laws, the average rate of change of
and L,—which we can interpret as the local work and
torque performed on our charge by the SSF—must be
balanced by the flux of energy and angular momentum
radiated by the scalar field at infinity, (E)2%,; and (L,)22

rad’

diss

and the horizon, (E)%, and (L,)*,,
() = = ((BVa + (B)35a) = —(Edraa,  (104)
<LZ> == (<LZ>gd + <LZ>§§d) = _<L2>rad' (105)

While a flux-balance law does not exist for the Carter
constant, we can still relate (Q)4% to the asymptotic
behavior of the scalar field at the horizon and infinity

[17, 24, 44, 62], which we refer to as (@)%, and (Q)2%,,°
leading to a similar condition

(@) = = (@)% + (@) = ~(@)raa;

For a scalar charge on a resonant orbit, these radiative
averages reduce to

oo 7 oo
e DD D DR
j=0m=—j N=—oc0
<¥7>;{mN: Z Z Aiknpmk’n,wicjmknéfmk’n’7

(k)N (K'n/) N

7\oo  _ § : J + ~+
<~7>ij - Z Amknwmk/"’cjmkncjmk’n”

(k)N (k' ,n')N

(106)

(107)

where @i = r3 +a?, an overbar denotes complex con-
jugation, and Z(k,n)N refers to a sum over all integer k
and n values that satisfy k8p+npB,. = N. The coeflicients
are related to the frequencies and orbital constants via

Aﬁkn = Wmkn, ‘Afnzkn =m, and
1
5AR L = Ko + i (aLe —a?E-T{7)  (108)

-m (LZ —aF — Té)e)> .
Just like (E), (L.), and (Q), these averages depend on
qgo, and therefore are efficiently described by Fourier se-
ries. The calculation of their Fourier coefficients, which

we denote as .7:",;7 rad g described in Appendix F.

9 Despite the suggestive naming, we emphasize that <Q)H and

rad
(@) are not fluxes.
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TABLE II. The third and fifth columns list values for the Fourier coefficients "' and F;***¥**—which describe the dissipative
averages (E)** and (L.)%*, respectively—for the resonances listed in Table I. In parentheses we report the last significant digit
of each coefficient and its estimated error. For example, —2.184(3 4 3) x 10™° is equivalent to (—2.1843 x 107%) £ (3 x 107'%),
while (0.5 4+ 2.8) x 107'2 is equivalent to (5 x 107**) + (2.8 x 107**). We include additional significant figures in our error
estimates when they are larger than the magnitude of our coefficient values. The fourth and sixth columns then report the
absolute difference between F; % and F " the Fourier coefficients of the asymptotic averages given in (107). Note that
to properly compare these coefficients we add them together due to the minus sign in (104).

orbit  k Fldiss |FBdiss | FEorad Flediss |FLedies | Flarad)
e02.12 0  —5.53491867(1+9) x107* 2.1x 107" —4.14427631(8 £5) x 1073 2.3 x 107*2
2 —2.184(3£3) x 107° 5.2 x 107 —3.028(1 4+ 2) x 1078 2.1x 107"
4 —(1x4) x 10713 1.3x 1071 (0.08 £ 2.07) x 10713 2.7 x 1071°
€02.23 0  —1.317244272(8+7) x 107* 1.2 x 107 —1.674686519(5 + 8) x 1073 4.4 x 10713
2 4.2406(7 £ 7) x 107° 1.4 x 107 6.6172(1 & 8) x 1078 6.1 x 107
4 —(3£7) x 1071 2.3 x 1071 (2+8) x 10713 4.1 x1071°
e05.12 0  —5.86478(5 % 5) x 1074 3.3x 10710 —3.56366(6 £ 2) x 1073 1.4 x 107°
2 —5.(2+£1) x 1078 3.1 x 10710 —7.5(8+3) x 1077 1.2x107°
4  —(0.01£3.57) x 107° 4.8 x 10712 (0.02 £ 8.57) x 107° 9.9 x 1072
€05.23 0  —1.293567(9 £ 2) x 107" 1.6 x 10712 —1.3291823(9+2) x 1073 1.3x 107
2 5.09(2 & 3) x 1078 6.3 x 10712 7.516(8 £ 6) x 1077 4.4 x 10712
4 —(0.3428) x 10712 4.6 x 107 (3+6) x 107! 4.6 x 1071
6  —(0.01+5.49) x 10712 1.4 x 1071 (0.005 £ 4.971) x 10712 9.1 x 1071¢

Thus, we calculate (J)raq and the corresponding
Fourier coefficients ]—',;7 Tad £5r the resonances listed in
Table I. We then compare these coefficients to }1,;7 odiss
via (104)-(106). In Tables IT and III, we report the val-
ﬁj,diss ﬁj,diss

k k

ues of and the absolute error between

and .7:',;7 *2d for each resonance. We report all k-modes
that our code uses when evaluating (7)4. Interest-
ingly, there are instances where our code includes modes
in which the magnitude of f,‘j s s Jess than its uncer-
tainty. While the values of these individual modes are
highly uncertain, our code still incorporates these modes
because they improve our overall uncertainty estimate
for (7)45. From Table II, we see that the absolute er-
rors always fall under the estimated uncertainty of our
results, demonstrating that our coefficients are not only
accurate, but that our estimated uncertainties account
for the dominant sources of numerical error in our dissi-
pative data.

B. Validation tests: Conservative perturbations

To validate the conservative averages calculated by our
new code, we test the [-mode convergence of the Fourier
coefficients F7 " that describe (J)°". Mode-sum
regularization of the conservative perturbations leads to
the algebraic convergence of .7:',;7 ;" with . As we in-

clude the A,, B, and D((f) parameters in our mode-
sum regularization, we expect the regularized values of
FJi°°" to fall-off like 1%, 172 and I =%, respectively. The
rates of convergence are demonstrated in Figs. 2 and 3,
where we plot |]},§l’cons+sf‘4| (red circles), |J—:-]§l,cons+87A_

fgl’3| (blue triangles), and |.7:",§l’°°ns+sf’4 - fgl’B -

]:',SZ’D/(% — 1)/(2l + 3)| (orange diamonds). Figure 2
plots the coefficients for the €02.23 resonance, while Fig. 3
plots the coefficients for €05.23. The error bars display
the estimated uncertainty in each coefficient. Note that
this estimated uncertainty only takes into account errors
due to truncating our (formally infinite) self-force mode-
sums, not the errors due to catastrophic cancellations
when evaluating the sums. We find that, much like the
dissipative coefficients, the k£ = 2 and k = 4 conservative
coeflicients largely exhibit the expected decay rates in [,
though the £ = 4 modes become contaminated by numer-
ical error at higher values of [. The higher k-modes are
almost entirely dominated by numerical error but are also
orders of magnitude smaller than the £ = 2 mode. Thus,
they can be neglected without introducing significant er-
ror to (J)"s. For low eccentricities, the numerical error
is well captured by our uncertainty estimates and there-
fore can largely be attributed to the truncation of the
SSF mode-sum. On the other hand, for higher eccentric-
ities, our uncertainty estimates do not capture the poor
convergence at higher [-modes and thus are most likely
due to the large cancellations in the extended homoge-
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TABLE IIT. The third and fifth columns list values for the Fourier coefficients F**¥** and Im[Ff°*"*]—which describe the
averages (@)U and (Q)°°™, respectively—for the resonances listed in Table I. We report the estimated uncertainty in each
coefficient using the same conventions described in Table II. The fourth column reports the absolute difference between .7:,? idiss

and F2red.
orbit k ]}I?,diss ‘]:-]?,diss +]:-kQ,rad‘ Im[ﬁg,cons]
€02.12 0 —1.32198762(0 + 2) x 1072 8.7 x 10712 0
2 6.345(0 £ 7) x 1078 1.9 x 10712 2508+1) x1078
4 —(0.8 £6.6) x 10712 1.8 x 10713 (2+7) x 10711
€02.23 0 —6.33151483(7 + 3) x 1073 1.1x107% 0
2 —2.0993(2 & 3) x 1077 1.5 x 10713 —73(1+£2) x1078
4 —(343) x 10712 8.9 x 107 —(0.14+1.2) x1071*°
€05.12 0 —1.177592(6 £ 9)  x 1072 1.1x107° 0
2 2.08+1) x 107° 1.6 x 107%° (1+£3) x107°
4 —(0.1£3.0) x 1078 7.8 x 1071 -
€05.23 0 —5.059826(24+3) x 107° 1.0 x 1071 0
2 —2.470(7 £ 2) x 1078 1.6 x 10710 -1.(0£2) x10°°¢
4 —-(3+2) x 10710 2.9 x 107! —(0.44+2.4) x 1077

neous solutions, as discussed in Sec. IIT A. Nonetheless, in
the absence of these errors, the conservative coefficients
converge as expected.

Finally, we produce one last validation test for our con-
servative data using the conservative averages (0F)®"
and (6L.)°°". Based on the flux-balance laws in (104),
the secular evolution of the energy and angular momen-
tum should be driven by purely dissipative perturbations.
Therefore, (0 )" and (§L,)°"® must vanish for all val-
ues of ggo. We find that (E)°°™ = (L,)°°" = ( within
the estimated uncertainties of our calculations for all of
the resonances listed in Table I. As an example, in Fig. 4
we plot (§E)45S and (§E)°°, along with their estimated
uncertainties, for the €02.12 resonance. While our code
produces nonzero values for (§F)®°", these values are
always orders of magnitude smaller than the dissipative
average (6F)45. More importantly, they are also smaller
than the estimated uncertainty in (§E)°°" and, conse-
quently, consistent with zero. We observe similar behav-
ior in (§L.)" and across all of the orbits in Table .

C. Conservative contributions to (Q)

In Table III we report the values of Im[F2°°™] for
the resonances in Table I. (Recall that F>°™ is purely
imaginary.) We find nonzero values of Im[F2*°™] for the
€02.12, €02.23, €05.23 resonances. On the other hand, all
of the conservative coefficients of the e05.12 resonance
are consistent with zero due to the large numerical errors
in our calculation of the SSF at higher eccentricities. We
observe that |.7:'2Q “O"%| is always comparable in magnitude

to |f§2 A5 “with the coefficients differing roughly by a
factor of two across all of the resonances. Furthermore,
Im[f,?’cons] and F24 differ in sign for the 1:2 reso-
nances, but share the same sign for the 2:3 resonances.
For both (§Q)%* and (6Q))°°™s, increasing the eccentric-
ity increases the magnitude of the coefficients, a behavior
that mirrors the gravitational case [17]. Decreasing the
semilatus rectum p of the resonances also produces larger
coefficients, but the & = 2 mode actually makes a larger
relative contribution to (Q)) in the 2:3 resonances when
compared to the 1:2 resonances. In other words, while
| FEcons| 1| F4S) ig greater for the 1:2 resonances, the
ratio (|FD | 4 | F29s5)) /| FL 9| is greater for the 2:3
resonances.

In Fig. 5 we use our coefficients to evaluate and plot
(6Q)¥ (solid black lines) and (6Q))°°™ (dashed red lines)
as functions of gyo, along with the estimated uncertainty
in (0Q)°™ (gray shaded region). Again, this demon-
strates that (§Q)°™ is generally nonvanishing for all
but the e05.12 resonance. Furthermore, comparing these
plots with those of previous investigations of the SSF
during resonances [29], we see a drastic improvement in
our uncertainty estimate.'® In fact, the uncertainties in
(6Q)c°™ for the low eccentricity resonances are so small
that the regions of uncertainty (the gray shaded regions)
are smaller than the dashed red line plotting (5Q)°°"s.

10 The conservative variations reported in this paper are opposite
in sign to those plotted in our previous paper [29]. We believe
this is due to a plotting mistake in our previous paper, where we
mistakenly set ggo — —qgo-
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FIG. 3. Similar to Fig. 2, the l-mode convergence of the Fourier coefficients that describe (Q)°°™ as one includes more
regularization parameters, but this time for the €05.23 orbit in Table I.
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goo for the resonances in Table I. The shaded (gray) region estimates the uncertainty in <6Q>

Even if our error estimates were off by an order of mag-
nitude, we would still observe nonvanishing values of
(0Q)e°"s clearly demonstrating that so-called “conserva-
tive” scalar perturbations do not necessarily conserve the
integrability of our perturbed system, but contribute to
the leading-order secular evolution of the scalar charge.
Finally, we consider the relative error that is intro-

duced to (Q) if we neglect the impact of ggo on the secular
evolution,

@] _ [15@)8 + Q)
(@) (@)

and the relative error due to neglecting potential contri-
butions from conservative perturbations,

(Q))o + (5Q) " )
@ (@

In Fig. 6 we plot A,es (solid black lines) and Acons (red
dashed lines) for all of the resonances listed in Table I.
The gray shaded regions reflect the range of potential er-
rors one may have due to the estimated uncertainty in

(@)°°™s. The quantity A, effectively estimates the post-
1/2 adiabatic error that the resonance introduces to the

;- (109)

1—

<6Q>cons .

Acons = (110)

cons

orbital phase of the inspiraling scalar charge. Therefore,
we see that neglecting the conservative perturbations in-
duces an error that is equal in magnitude to the standard
post-1/2 adiabatic error.

V. CONCLUSION

In this work we calculated the averaged time rate of
change of the Carter constant, (Q), due to the SSF for
a scalar charge following several different r6-resonant
geodesics. To perform these calculations, we built a new
code in C++ that is several orders of magnitude faster
than the old Mathematica code used in previous investi-
gations of the SSF. This code makes use of several new al-
gorithms, including a module that numerically integrates
the Teukolsky equation using a combination of MST and
confluent Heun expansions to populate boundary data,
the creation of a window function that enables the appli-
cation of new analytically known regularization param-
eters, and a new regularization scheme that uses mode-
sum regularization to directly regularize the Fourier co-
efficients of our secular averages, (F), (L,), and (Q). We
found that our results are consistent with previous inves-
tigations of the SSF and satisfy known conservation and
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balance laws, thus validating our new code.

Using our results, we demonstrated that during these
resonances the secular evolution of the Carter constant
due to purely conservative perturbations, (Q)°°"*, does
not vanish, but its value varies with the initial phase of
the resonance, ggo, as predicted by [24, 26]. This is the
first conclusive numerical evidence that during rf reso-
nances motion in Kerr spacetime is no longer integrable
under conservative scalar perturbations [27]. This is in
contrast to nonresonant orbits, where <Q>C°“S vanishes
exactly, and the perturbed conservative system remains
integrable.

Additionally, we find that (Q)®" is comparable in
magnitude to (§Q)4, the residual variation in the secu-
lar evolution of @ under purely dissipative perturbations.
Essentially, ignoring the conservative perturbations at
leading order will introduce a post-1/2 adiabatic error
to the orbital phase of the inspiraling scalar charge, and
this error appears to be equal in magnitude to the error
introduced by ignoring resonances altogether. Therefore,
it is vital that these conservative contributions are com-
puted accurately, since any errors introduced to (@)™
will accumulate over the resonance and the rest of the

inspiral. This will be a challenge for highly eccentric
orbits, which are susceptible to large numerical errors
that arise from catastrophic cancellations in the self-force
mode sum, just as we saw for the e05.12 resonance stud-
ied in this work. Frequency-domain effective source regu-
larization or hyperboloidal compactification may be able
to ameliorate these issues, but these remain topics for
future work.

Furthermore, it remains to be seen if Q)" will also
vanish when driven by purely gravitational perturba-
tions. Many of the methods and code that were designed
for this work can be generalized to the gravitational case.
Therefore, moving forward we will compute (Q) due to
the GSF for a point mass on a resonant geodesic. If, sur-
prisingly, (Q)°®® does vanish in the gravitational case,
this may hint at some additional unknown symmetries
that are not captured by our scalar perturbation model.
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Appendix A: Window function

We aim to find a suitable window function f(cosé)
that allows us to easily recast F;eit’l in (68) onto a basis
of spherical harmonics [i.e., (77)] without changing the
value of the self-force along the worldline and without
altering our mode-sum regularization procedure.

First we examine how applying an arbitrary window
function will alter the regularization parameters in (63).
These regularization parameters are derived from the
multipoles of the singular SSF contribution, which are
defined by

47
FSUt,r) = Z/ AQES(t,7,0,0)Yim (0, ¢), (A1)

m=—1

where d€) = dcosfd¢ and an overbar denotes complex
conjugation. As shown in [50, 63, 64], FS can be rewrit-
ten as an expansion away from the worldline,

Fi(tr,0,0) =) BO"p 21 (A2)
n=1
where p? (gaﬁaanﬁ) + GapAr®Ax?; a hat denotes

a quantlty that is evaluated along the worldline z};
Az — 5 and the expansion terms have the form

B = balazmakAm‘“Ax“? ... Az where by, q,.. q, are
coefficients that do not depend on ¢, r, 8, or ¢. The vari-
able € o« Az is a bookkeeping variable for tracking the
singular “order” of each term.

To construct the regularization parameters, one inserts
this expansion into (A1) and takes the limit as 2% — 7,
leading to the regularization quantities,

(1)
Z /dQYsz ,

FI=2 =2 lim

Ar—0*
B
FiU = Z /dQYlm - L (A3)
m=—I Ar=0
Gn 4
F[ 2n+1] _ (2n 1) Z /dQY - )‘|
fm | 7 pAnts ‘
m=—I Ar=0

After evaluating these integrals, the regularization pa-
rameters are then given by

FI-2 = 1Ag;(m +1), FI-U=pB*

a
—1

F£—2n+1 = DM

H 2 — 1 —2k)(20 4+ 1 + 2k)

19

Now consider the effect of multiplying the SSF by some
window function f(cos®). Then, to preserve our regular-
ization scheme, our regularization parameters must be
calculated by similarly weighting the singular SSF con-
tribution FS(t,7,60,¢) by this window function, leading
to the new parameters

F,L_Z] =¢e? lim

! (1)
. o JBa
Ar—0* z_: / 4 Yim p3 ’

i B
FlEU =t Z /dQYlm 7 . (A4)
m=—1 Ar=0
B(6n+4)
Fl2nt — (2n-1) Z /dQ 7, i ] 7
m=—1 Ar=0

If we expand our window function f(cos#) around the
worldline, then we have f(z = cos) = f + (0.f)(z —
2p)e+3(02f)(2—2,)22 +O(e%). Inserting this expansion
into the integrals above, any terms O(e) or greater will
vanish as we approach the worldline. Therefore, if f =1,
d.f =0, 2f = 0, then we have that AX = A + O(e)
and BX = BX + O(e).
However, if we want to make use of the higher-order
regularization parameter D (assuming it is known)
0 )
then we must choose a window function that satisfies
the four conditions f = 1 and 0,f = 0, *f = 0, and
o2 f = 0. One particular window function that satisfies
these conditions is

3
0,) = Z ar(6,) cos® sin 6, (A5)
k=0
where
2 —Tcos?6, + 8cos*0,(1 — cos? 0
@0(fp) = ’ 2sin’ 0 A ”)7 (A6)
p
3cos®6,(1+ 4cos? 0
ulty) = P ) 2y
p
1 — 8cos? 0,(1 + cos? 6,,)
as(6,) = P L (A8)
P 2sin” 0,
cos 0,(3 4+ 2cos? 6
a(ty) = 2032 200 0y) (A9)
P

By applying this window function to F;j‘ct’l, we can re-
expand the derivatives of spherical harmonics in terms of
spherical harmonics using the following relations,

sin aaﬁnm = _(l + 1)CleL1,m + lClJrl,mY—Hl,'n“n
COSs eyylm = Clel—l,m + Ol+1,m)/l+1,ma (AIO)
where
12— m?2
Chr = mn (A11)

@+ 102 —1)



Combining these relations, we find that

cos® 0sin 00y Yy, = Iil Cl(:l’k)YHn’m. (A12)
n=—k—1
where
() = (R0 COFERDCL L, (AL3)
with (initial) conditions
G = =1+ 1)Clpm, i =0,
Y =101 1 m,

and the requirement that C(n ") vanishes if In| >k + 1.

With this window function, we get a finite coupling
between the derivative of the spherical harmonics and
the spherical harmonics themselves

£(6;6,)99 Y1 (0 Z B (0,)Yi4nm(6,¢), (Al4)
n=—4
where
3
l(:rlz)(ap) Zak(e ) z(slk) (A15)
k=0

Making use of this expansion, our windowed self-force
quantity Ferit’l = fFarit’l, when expressed on a basis of
spherical harmonics, takes the form

l 4
Fpit=% (Z BI(J,Min,m) Yim,  (A16)

m=—1 \n=—4

which is amenable to mode-sum regularization.

Appendix B: Decription of CPP modules
1. Geodesic module

The geodesic module performs the following numerical
routines:

1. Given the orbital parameters (a,p,e,x) and sam-
ple number Ngo, = 2", where nge, € ZT, we
use spectral integration methods [33, 34] to calcu-
late the orbital constants (E, L., @), the Mino time
frequencies Ta, and the ﬁducial geodesic functions

Az = {AFD ATO AR AIO AGT) A} de-
fined in Sec. IIA

2. We then sample our functions at Ny, evenly spaced
points on the intervals g, € [0,27) and ¢g € [0, 27),

e.g.,
(r (r 27 jiyr
Arj('r) = Af )(qT,j,,,)7 ar.j,. = N] ) (B1)
geo
5 5 2mje
ALY = A0 (aps),  ansy =t (B2)
geo

where j.;0 =0,1,...,
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3. Finally, we output the discretely sampled
geodesic  functions, which we denote as
A.’fﬁj {At(r) At(g) AF (7") Ag(a) A¢(T) A¢(0)}
along with (E LZ,Q) and T

2. SSF module

Given output from the geodesic module, the SSF mod-

ule constructs the unregularized SSF modes F™"":

1. As initial input, the user must specify a maximum
spherical multipole mode | = [,,x and a sample
number Nggp = 27557 where ngsp € Z7 < ngeo.
The module then generates F ret mfor —lpax <
m < lmax. The coupling between the Spherlcal and
spheroidal harmonics makes it much more efficient
to pick a value of m and calculate several [-modes
at once, rather than to calculate modes on an indi-
vidual (I, m)-basis. Typically we set lax = 25 and
nssr = 8. We also parallelize this part of the cal-
culation, distributing the m-modes across separate
cores.

2. Given a specific value of m, the module gener-
ates the modes FrCt M for |m| < 1 < lyax using
(65)-(67) and (77) These modes are evaluated on
a two-dimensional Nggp X Nggp grid spanned by

€ [0,27) and gy € [0,27). As a result, the code
outputs discretely sampled modes

Fret,lm _ Fret,lm

at,jrje — T ot (thw q07j9), (B?’)

where ¢, ;, and gg j, are given by (Bl) and (B2)
but with Nge, replaced by Nssr.

3. We then construct the modes Fret Im gor Im| <1<
lmax from the extended homogeneous function (and
its derivatives) wlim, atz/;lim, 8,«1/)lim via (56). This
requires a three-fold summation of the harmonic
functions wli;m,m and 8,1/)$m,m [see (57)] over the
mode numbers j, k, and n. We denote this sum-

mation by
oo oo oo
ret,lm ret,ljmkn
Fai,arje Z Z Z Fai Jrje <B4)

k=—o0o0 n=—o0 j:|m\

. t,Ljmk .
where the harmonics F°" ;e are computed via
;

the harmonic module in Appendix B 3.

4. Beginning with the outermost sum in (B4), given



the values l,ax and m, we compute

lnlt

ret lm ret Imk
od:m]e ~ Z at.jrde (B5)
k=ko
xnax
ret JImk
+ Z (Xﬂ:,h]g
k=FKinit+1
k:07
ret Imk
+ Z aiyme’
k=Kkmin

for all values |m| <1 < lax. To execute this sum
we first set kg = —m —4 and k;jp;t = —m +4. Since
the (I, m, k)-modes tend to peak near k = —m [65],
initially summing over this range tends to capture
the most dominant modes before we start testing
for convergence of the sum.

‘We then continue the sum for k > ki, and k < kg.
The sums are truncated based on the two conver-
gence criteria,

mret,lmk tl k
at,jrig ret,lm
(a) Bk < €0 and ’Fij1]3 <
770
ret Im,k+Ak
+,jrjo ’
ret Imk
‘ at.jrjo| S €DBL:
where Ak = 1 when k¥ < kg and Ak = -1

when k£ > ki, eppr refers to the precision to
which doubles are represented by our compiler, and
B, j.j, denotes the regularization parameter B,
[see (63)] evaluated along the fiducial geodesic at
the discrete points (g j,,¢s,j,). Furthermore, in
this work we set e = 10710, We truncate the
sums when all of the modes k € [kmax — 5, kmax]
and k € [Emin, kmin + 5] satisfy at least one of the
convergence criteria set above for all [, j,., and jg.

We require six k-modes to satisfy the convergence
criteria before truncating the sum. Note that
A(ﬁlfr sz” vanishes when [ +m + k = odd for most
self-force components. In this case, only half of the
modes are useful for testing convergence. Conse-
quently, even though six modes must satisfy the
convergence criteria, most of the time only three of

those six modes are nonvanishing.

Additionally, we normalize our results by the coeffi-
cient B, j, j, when testing for convergence, because
this is the last divergent piece of the singular self-
force contribution that we must subtract from our
harmonic modes.

Furthermore, for larger eccentricity orbits, the
mode sum is prone to catastrophic cancellation.
When this occurs, precision loss can prevent the
convergence criteria from being met for a suffi-
cient number of neighboring k-modes. To prevent
the sum from never truncating in this scenario,
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we set the hard limits knin > ko — kcutof and
kmax < Kinit + Kcutot With Kcutoft = Imax + 50.

5. Given ly.x, m, and k, we compute

Minit

fret,Imk ret,lmkn

Fy = > By, (B6)
n=ngo

Mmax

ret,lmkn
+ > FET

n=nNinit+1

’I’L()*
ret Imkn
+ Z ot jrie
N=Nmin[w]

for all values |m| < I < lnax- The sums
are constructed so that we only sum over posi-
tive frequencies. Negative frequencies are deter-
mined from the symmetries of the mode functions
and, therefore, are incorporated into the values
of F% émjlzn via the harmonic module (see Ap-
pendix B3). Thus, nuyin[w) is given by the require-
ment that Wikn,,e, = 0 and Wmkn,e-1 < 0.
The (I, m, k,n)-modes tend to peak in magnitude
near lower values of n and wy,k,. Therefore, if
Nminw] = —8, then we set ng = npinp) + 1, else
ng = —8. We then set nj,ix = ng + 16. Based on
trial and error, we find that these choices of ng and
ninit tend to capture the modes with the largest
magnitudes in our initial sum.

‘We then continue the sum for n > ni,;; and n < ng.
The n-mode summation is truncated using the
same convergence criteria as the k-mode summa-

tion [see Step (4)], only we replace F"% l]’@}z with

E éeitl;;’ljlz" and Ak with An. We truncate the sums
when all of the modes n € [nymax — 4, Nmax) and n €
[Mmin, Pmin+4] satisfy either (4a) or (4b) for all I, j,,
and jg. Like the k-mode sum, we also set the hard
limits Nmin Z nmin[w] and Nmax S Ninit + MNthreshold
with Tpresnold = 120(1 — €2)73/2 + |k|, where e
is the eccentricity of the orbit. The formula for
Nthreshold Was determined through numerical exper-
imentation.

. Given lyax, m, k, and n, we compute

Jmax

[ret,lmkn Fret,lymkn

Faivjrjé ~ Z FaiajTjQ ) (B7)
j=Im|

for all values |m| <1 < lax, where jmax is set by
the alternate convergence criteria

ret,ljmaxmkn
Faivjr]é
ret,llmkn
Fai,]”(g

< €coupling

which must be satisfied for all I, j,., and jy. Ad-
ditionally, we require [ + jmax = even, since all



I + jmax = odd modes vanish. In this work we set
€coupling = 10~ 8. The convergence of these modes
is fairly uniform, leading to the simplified conver-
gence condition.

. . t,ljmk
7. Given lyax, j, m, k, and n, we compute F*%" f’;; "

for all values |m| < I < lpax using the harmonic
module described in Appendix B 3.

8. Once all F'"'™ are calculated, we sum over the
m-modes,

l
ret,l ret,lm
Faiyme = Z Fai,yrye’ (B8)

m=-—I
giving us discretely sampled unregularized SSF -

modes, Frilj oo 0 the range 0 <1 < lyax.

3. Harmonic module

The harmonic module produces the individual self-
force harmonics

EPE M — i o075 e (7)Y (8, @)™ mint - (BY)

Frgptimin — wﬁmkn(rmma )eiwmmnt, (B10)
Fereit,ljmkn _ Z BHW ) ( ¢l+n min(T) (B11)

n=—4
X Yim (0, ¢)e "m0,

F;fg’“m’“” = i (1) Vi (0, @)™ ket (B12)

The harmonics are then sampled along a fiducial resonant
geodesic by taking (t,r,0,¢) — (fp, Tp, ép, gfgp). When
these modes are evaluated along the geodesic worldline,
the linear terms in fp and ép cancel,

(ar) + mAG (q0)
- wmknAf(T) (QT) — Ngr
- wmk:nAg(e) (q@) - kq97

mqu - wmknfp = mAdA)(T) (B13)

leaving us with functions that depend on Mino time
through the periodic angle variables, ¢, or gy.
Therefore, we construct F"F Ljmkn as follows:

1. Given geodesic data and the mode numbers
(1,4, m,k,n), we use the spheroidal harmonic mod-
ule in Appendix B4 to calculate the coefficients

bjm,m; the spheroidal eigenvalue Ajp,rn; and the

harmonic Sjykn, which is evaluated at the discrete

polar positions Aé§z).
2. Next we calculate the homogeneous radial Teukol-
sky solutions and their derivatives, R* and

Jmkn
Oy ij,m, using the radial Teukolsky module in Ap-
pendix B 5. The solutions are evaluated at the dis-

crete radial positions AT(T).
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3. We then supply these discretely sampled functions
to our source integration module in Appendix B6,
which calculates the normalization coefficients (or
Teukolsky amplitudes) ct

jmkn*

4. The code then evaluates the coupling terms Bl(:,?
and the spherical harmonics Y}, at the discrete po-

lar positions Aé§z) .

and A™

lm >

bl

jmkn>

5. Given the coefficients CF
along with the discrete samplings of R]mkn,
o, R% mkns and Yo, we construct the (sampled) har-

monics F l]ﬁ;zk" using (B9)-(B12).

jmkn>

4. Spheroidal harmonic module

The spheroidal harmonic module calculates the cou-
pling coefficients b. .~ and the spheroidal eigenvalue
Ajmin, and then evaluates the scalar spheroidal harmon-
ics Sjmin with spheroidicity Ymin = @Wmrn at the points
6; via the following algorithm

1. Given harmonic numbers j and m and the
spheroidicity Ymkn, We first solve for the coupling
coefficients b]m,m and spheroidal eigenvalues Ajin
via an eigenvalue problem [39, 40],

(B14)

jmkn jman

where K . is a known N x N matrix. As one in-
creases N the eigenvalue converges to the value of
the spheroidal eigenvalue, i.e., \Y ~ )\jm;m Ad-

ditionally, the components of eigenvectors N

jmkn =
7N,m| 7N,m|+1 7N, |m|+N-1
(bjmkwb imkn 0 Dk, ) converge to the

values of the spherical-spheroidal coupling coeffi-
cients for I < Iy, i.e., b]\;f:rf“t blfnlfcjf There-
fore, we set the cutoff mode leut tO be the minimum

value of [ > [, such that

jmkn

7N, lcu
|bj'rnknt

< €DBL- (B15)
2. The module begins with an initial value N = ;0 +
30, and then increases IV in increments of 10 until
we meet the convergence criteria
7N—10,l
jmkn
L- pv
jmkn

(B16)

< €eigen)

for all I < lcutomr. In this work we set €eigen = 10—13

Eigenvalues and eigenvectors are calculated using
the GSL eigensystems library [57].

3. Given the coefficients b we then construct

jmkn>
Simkn via the spherical harmonic expansion in (42),
which is evaluated at the presampled points ;. We
calculate the spherical harmonics using the GSL

special functions library.



5. Radial Teukolsky module

The radial Teukolsky module calculates the homoge-
neous solutions Rjimkn and 0, ij,m using the hyper-

boloidal transformation proposed by Zenginoglu [66],

(r) = reitmeRemir O RE () (BLT)
where ¢(r) = 517 n: :* and k = y/1 —a?/M?2. This
transformation removes the leading-order oscillatory be-
havior of the homogeneous solutions, thereby improving
the speed of our numerical solver. Therefore the mod—
ule first generates initial data for OE Smkn and 0, 0%

at the boundary points rinit and then numerically inte-
grate the transformed Teukolsky equation (C1) given in
Appendix C. Hyperboloidal solutions are stored at user-
specified radial points, which are then transformed back
to the radial Teukolsky solutions.

We use a combination of methods to generate the
initial data. The first method we refer to as the se-
ries algorithm. For the series algorithm, we first recast
the Teukolsky equation into the form of the confluent
Heun equation (D1). We then use the Frobenius method
to expand the confluent Heun solution associated with
\I/;m,m around the regular singular point at r = r; [see
(D5)], and we perform an asymptotic expansion about
r = oo for the confluent Heun solution associated with
\I/;rm,m [see (D10)]. The transformation between the con-
fluent Heun and radial Teukolsky solutions, along with
the series expansions about the singular points are pro-
vided in Appendix D. The advantage of transforming to
(D1) is that the coefficients of the confluent Heun ex-
pansions satisfy simple three-term recurrence relations,
making it straightforward to compute the expansions to
very high order. In some cases, however, the series algo-
rithm will suffer catastrophic cancellation when evaluat-
ing W ., away from the horizon, while the asymptotic
series may not decay rapidly enough to sufficiently ap-
proximate ¥ Jmkn &b finite radii.

Therefore, we also make use of a second method, which
we refer to as the MST algorithm. For the MST al-
gorithm, we generate initial solutions using the semi-
analytic function expansions proposed by Mano-Suzuki-
Takasugi (MST) [59, 60] and expanded upon by Fujita
and Tagoshi [67]. In this MST method, one expresses the
homogeneous Teukolsky solutions as series of hypergeo-
metric functions. For these series to converge one must
first solve for the eigenvalue v—known as the renormal-
ized angular momentum—which then determines the co-
efficients of these series. Typically one solves for v using
approximate low-frequency expansions [67], root-finding
methods [68], or monodromy techniques [69, 70]. The
MST series solutions, along with these methods for com-
puting v, are well-behaved for lower frequencies, but for
large values of j and wy, i, the MST method often suffers
from catastrophic cancellations.

Our old MMA code circumvented this issue by using
arbitrary numerical precision, but with CPP we are re-

jmkn
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stricted to the regions of parameter space that do not ex-
perience this large precision loss. We implement the MST
expansions in CPP using the same methods as MMA,
which are described in Sec. III B of [34] and Sec. 5.3.2
n [71]. However, to the best of our knowledge, there
is no open-source C++ library that computes hypergeo-
metric functions in the complex domain without using
arbitrary precision. Therefore, we designed our own spe-
cial functions library to implement the MST expansions
in C++ and we keep track of any precision lost during the
MST calculation to estimate potential errors in our MST
solutions due to catastrophic cancellation.

As a result, given the mode numbers j and m, fre-
quency Wmkn, spheroidal eigenvalue Aj,xn, and an ar-
ray of N radial sample points r; where ¢ = 0,1,..., N
and rg < 7r; < --- < ry, we construct the homogeneous
Teukolsky solutions as follows:

1. First we deﬁne the initial radial points r;;, = r4 +

0.01M and ri,, = 5OM If v > 70, then v, =
0.9(ro — r4), and if ’I‘mlt < ry, then Tl—;lt =ry +
20M.

2. Next we construct the 1n1t1a1 data for U* and

0, Ut Gmkn 8t the boundaries rmlt First we try to cal-
culate the initial data using the series algorithm. If
the series algorithm does not meet the convergence
crlterla described in Appendix D when evaluated
at rmlt and kan”ilt < 0.01, then we solve for
the initial values using the MST method. If the
estimated fractional error of an MST solution is
> 10713 or kanrlmt > 0.01, then we move our ini-
tial radial point closer to the boundary, and repeat
our initial value calculations, beginning with the
series algorithm. For the (+) solutions we double
the outer radial points, ri‘nt — 2T1n1t7 and for the
(—) solutions we half the distance to the horizon,
(Tinit —T+) = (P —7+)/2. We iterate this process
until our initial value solutions converge.

jmkn

3. After we determine the initial values of ¥ Gmkn and

Or \I/]mkn, we solve (C1) using an explicit embedded
Runge-Kutta Prince-Dormand (8,9) method and
an adaptive stepper from the GSL ODE library.
We store solutions at the radial pomts r =r;, and
the stored values of U Gmkn and 0, UE are finally

transformed back to the Teukolsky solutions RE mkn
and 9, RE

jmkn

jmkn

by inverting (B17) and its derivative.

6. Source integration module

Given discrete samplings of Sjrn and ij,m, along
with the output from the geodesm module, we calculate
the normalization constants C': mkn USING spectral source
integration methods. The details of this procedure are

discussed in [33, 34].



At large frequencies, these integrals become highly os-
cillatory and experience large numerical cancellations.
This is not an issue when constructing the field outside
the source region, where our mode-sum over the homo-
geneous solutions converges rapidly, and, therefore, we
do not need to evaluate these highly oscillatory inte-
grals. However, when extended into the source region,
the homogeneous solutions are less efficient at capturing
the behavior of the perturbing field, as noted by van de
Meent and Shah [61]. In practice, this means that the
further we extend our homogeneous solutions, the more
extended homogeneous modes we need to include in our
mode-sum to accurately calculate the self-force. There-
fore, for particularly eccentric orbits of e ~ 0.4, higher-
frequency modes can make a dominant contribution to
our self-force calculation, and these modes will also have
large numerical errors due to the catastrophlc cancella-
tions encountered when computing C7 imin- 1f the maxi-
mum value encountered in our spectral integral is more
than 14 orders of magnitude greater than the computed

value of ijkn, then we consider all precision to be lost

in our calculation and set CF Gmkn = = 0. This is one of
the dominant sources of numerlcal error in our self-force
calculations.

7. Secular evolution module

Given a background geodesic and a force f&" acting
on a scalar charge following that geodesic, the secular
evolution module computes the resulting average rate of
change of the scalar charge’s orbital energy, angular mo-
mentum, and Carter constant due to f&*. We denote the
secular averages as (F)8", (L, >ge“ and (Q)&. They are
found by replacing pa* with pal,, = (¢"" + utu”) f3"

n (85)-(87). This module works for any arbitrary force,
provided that the input data for f&" are structured like
the output data from the SSF module and f&°" is real.

We compute (E)&", (L.)8" and (Q)&* using the fol-
lowing numerical procedures:

1. We start with two inputs: (1) worldline data from
the geodesic module and (2) force data f5° ; that
is sampled on an N x N grid in ¢, and qy. With this

data we construct the integrands I%™ Igen, and
fg’n using (86)-(87) but replacing a* w1th hen

2. Next we evaluate (85) using spectral integration
methods [33]. Because the resonant averages de-
pend on ggg, rather than returning a single number,
our spectral integrator returns a set of coeflicients
(RS F7, .. FY .._11- These coefficients are re-

g
lated to the averages via the discrete Fourier series

Nyen—1
e ]-'57—1— Z f,fe_ikq"o

<j>gen ~ C]f
H k=1

(B18)
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where Re[X] is the real part of X and again we
use J to represent E, L,, or ). Details of the
integration can be found in Appendix E.

3. To test the accuracy of (B18), we down-sample the
force data f&7 ;. toa N/2x N/2 grid and repeat
our calculations. We then estimate the error in our
Fourier coefficients by taking the fractional differ-
ence between our original Fourier coeflicients F "},
and those produced by down-sampling the input

data.

4. We then output the coefficients }'k , f , and ]:'l?
and their estimated errors for 0 < k S Ngen — 1.

From this output, we can evaluate (E)&®, (L,)g",
and (Q)& for any initial phase ggo using (B18).

8. Regularization module

The first part of the regularization module computes
the SSF regularization parameters A, B,, and D,(f) [see

(63)]:

1. Given data from the geodesic module and a sample
number Ngsg, we evaluate A, By, and D&Z) on an
Ngsr X Nggr grid spanned by ¢, and gg. This re-
sults in the discretely sampled parameters A, j,

B .4, and D((f; jo- This sampling is analogous to
the construction of F-% émjg (B3).

While we can regularize the SSF (or some quantity that
depends on the SSF) with only these three parameters,
the resulting mode-sum over [ [see (62)] will only decay
like [=%. Consequently, truncating the sum at some Iy ax
gives us a truncation error that scales like ;3 . If we
use values of ljax ~ O(20), the standard mode-sum reg-
ularization will only produce regular SSF data that is
known to about two digits of precision. However, we can
reduce the error in our regularized data by fitting for the
higher-order regularization parameters.

Therefore the second part of our regularization module
fits for the regular component H® of a formally divergent
self-force quantity H using the known higher-order struc-
ture of the singular component HS given in (63). We
perform this fit by modifying the procedure proposed by
van de Meent and Shah [61]. First we decompose H into
a series of spherical harmonic I-modes, H'!, from which
we define the finite, but unregularized quantity,

cut cut

Z H' =" (H% + H) (B19)
=0
- chut + Hlscut’ (BQO)

where H = H_, as lcyt — 00, while H}:‘ut and Hliut refer
to the regular and singular pieces of H;__ , respectively.

cut?



We then assume, based on the singular expansion in
(63), that H} takes the form

1
HS = iHA(lcut + 12+ HP (lewy +1)

leut

(B21)

D(2n)

leut 0O n H
;)Z::l;[ 20+ 2k +1)(20 — 2k + 1)’

where HA, HE, and HP(2") are the l-independent regu-
larization parameters for the divergent quantity H. Fur-
thermore, we approximate that H* =~ HY for a suffi-
ciently large choice of I, since the regular multipole
contributions H®! should decay exponentially with 1.
This gives us the approximate model

H, (B22)

cut

1
~ HR ¢ §H“(lcut +1)2 4+ HB (I, + 1)

lout Mcut M HD(Qn)

22 N aremve—ay

=0 n=1k=1

Using known values of H;_ , we fit for the set of un-
known parameters { H®, HA, HE ... HPCra)} where
we truncate this set of free parameters at n¢y. From our
fits we estimate H®. If any of the regularization param-
eters are known, then we modify our model by moving
the known parameters to the left-hand side of (B22) and
fitting for the remaining unknowns.

Therefore, we estimate HR using the following fitting
procedure:

1. Given H'! in the range 0 < [ < lnax and
some set of known regularization parameters
{HA HB,... ,HP®")}  we construct Hy, for
12 < lcut < lmax-

cut

2. Next we define the tuning parameters lcut,min and

lcut,max, Which select the values of H;_, that are
used in our fit. Asnoted in [61], if we choose a value
of l.y that is too low, then the approximation in
(B22) becomes less accurate and will not produce
a good estimate of H®. On the other hand, if we
choose a value of [, that is too high, then we may
include [-modes that are dominated by numerical
error, and this error will bias our fits. Because we
do not know a priori which values of l..; are too low
or too high, we allow the tuning parameters to vary
in the ranges 12 < leyt,min < Imax and leyt,min <

lcut,max S lmax .

3. Given values for lcut,min, leut,max, and
Neut, we perform a least squares fit of
(B22) using the set of known values
{Hi o min> Hicoomin+1s - s Higyo mar b and  the  set
of known parameters {H4 HE, ... 7HD(Z”/)}.
This gives us a set of fit values for

{HR HD(QTL/-'FZ)
set of fits as hy = {h

HD(Q"C‘“)} We refer to this
D(2n’ +2) ;LD(2ncut)}
coo b .
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4. We repeat step 3 for all acceptable values of loyt, min,
leut, max, and Neye max (i-€., we require the number of
known parameters to be greater than the number
of free parameters), giving us a several different
i~L1 sets. Note that we restrict nc,¢ to the range
3 é Necut S 6.

5. We then repeat steps 3-4, but this time we leave
the highest-order known parameter HP(2") as an
unknown Va/riable. This gives us fits for the set
{HR HPC) o HPCread ) which we denote as

D 2n’ 7 D(2ncut
hy = {hE, ( )..,h2( )}.

6. Next, we take the ten sets of hi that best fit the
data H;_,, and the ten sets of hy that best minimize
\Bf(% ) _ HP@")| Combining these twenty sets,
we construct a set of twenty fits for H® (i.e., ten
values of Al and ten of hL).

7. Finally we produce two estimates for the uncer-
tainty in our fitted value of H®. First we estimate
its uncertainty o™ by taking the median absolute
deviation of the combined set of Al and AR values.
Second, we estimate its uncertainty to be the stan-
dard deviation of this same set. If the standard
deviation is greater than the median absolute devi-
ation, then we take this to be the final uncertainty
in H®, and the value of H R s given by the mean
of our combined set of AY and AR values. If the
median absolute deviation is greater than the stan-
dard deviation, then we take this to be the final
uncertainty in H®, and the value of HY is given by
the median of our combined set.

The above fitting procedure gives a simple estimate for
H®_ but neglects how errors in the input data H' may
impact the fitting procedure. A more sophisticated algo-
rithm could incorporate these errors, but we leave that
for future work. We find that our method gives consis-
tent estimates even when varying [, or the number of
known regularization parameters. Therefore, the robust-
ness of the current algorithm is sufficient for this work.

Appendix C: Hyperboloidal transformations of the
radial Teukolsky equation

As mentioned in Appendix B3, we make use of the
hyperboloidal transformation (B17) to put the radial
Teukolsky equation into a form that is more amenable
for numerical integration. The transformed homogeneous
equations then take the forms

e d



where the potentials are given by

2 [a® +rM —ir(ma £ (r? + a®)wmkn)]

+

Gmkn (T) = T’A )
2ia(m £ awmin)

+

Ujmk‘n (7”) = rA (02)
n )\jm;mr? + 2Mr + 202
r2A
2Mawmin (r? + a?)(1 £ 1)
+ Az .

Appendix D: Confluent Heun equation and
expansions about its singular points

The confluent Heun equation takes the general form

w =0,

(D1)
where acy, Ycu, dcH, EcH, and gcy are free parameters.
It has regular singularities at z = 0 and z = 1, and an
irregular singularity of Poincaré rank 1 at z = oo. This
matches the singular structure of the radial Teukolsky
equation (43). Therefore, we can reexpress (43) in terms
of (D1) via the following transformations,

dP*w Yon | Ocu dw = acuz —qcu
dz? <z Jrz—lJrECH £+ z(z—1)

(D2)
(D3)

ecur(z — 1) =wlr —ryg),

R(z) = 2%¢H (5 — 1)beneticonrzy(4),

where ecy = 2Mw, kK = V1 —-x2, x = a/M, acuy =
+ie_ and boy = tie_, ex = (ecy = Tcn)/2, and ey =
(ecu — mx)/k. Note that we have dropped the mode
subscripts, i.e., Rjmrn — R and wppy, — w, to simplify
notation. The Teukolsky variables are then related to the
confluent Heun parameters via

Yeu = 1+ 2acw,
ocg = 1+ 2bcy,
ecg = *2tecuk,
ach = *2iecuk (1 F iecu + acn + bon) ,

1
qcu = A — §(€%H — 7&u) + ecumx — egu(1 — K)

—bou — acu — 2acuben % tecur(l + 2ach),

where A\ is the spheroidal eigenvalue. For simplicity we
take bcg = ie_ and acy = —ie_ from here on.

After recasting the Teukolsky equation in this conflu-
ent Heun form, we use the Frobenius method to generate
series expansions of the confluent Heun solutions about
z = 1, which corresponds to the regular singular point
r = ry of the Teukolsky equation. We then connect the
confluent Heun expansion to R™, giving

R ()= f(r)jiag,j (oY

(D5)
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where

r—r_

2Mk

—ie_

(D6)

F) = B

and the series coeflicients satisfy a three-term recurrence
relation,

A277na’277n71 + B;,nag,n + CinainJrl = 07 (D7)

Ay, =acn tecu(n+ A2 — 1),
By, =n" +n(ycu + 6cu — ecn +2X4e — 1)

+ Xa(yen + dcn — ecu + A2 — 1) — g,
Cyn = —(n+14+X)(n+vcH + N\2), (D8)

and the monodromy eigenvalue Ay = 1 — vcy. Series co-
efficients are generated recursively using the initial con-
ditions a; _; = 0 and a; o = 1. In this work we take the
amplitude in (D6) to be
Btrans — 27ie+ Hie, 6i6+7 (Dg)

so that (D5) matches the normalization of R~ (r) in our
MST series calculations.

Similarly, we generate asymptotic expansions of the
confluent Heun solutions about z = co. Connecting these
series expansions to BT, we find that

RY(r) ~ f7(r) iafj <r2;4:3 ) h ’

Jj=0

(D10)

where the prefactor is given by
) = (trans r—ry o (r—r )*(FiﬁcH) eiwr
r—r_ - ’
(D11)

and the series coefficients satisfy the three-term recur-
rence relation,

Afaf, +Bfaf, +Cfaf, =0, (D12)
where
A}, = —(acu +ecu(n —1))(acu + ecu(n — ycn)),

BITL = a%H + aCHeCH((l — Beu + 2”) + €CH)
+ eeu(n(l — Ben + ecu +n) — qon)s
Ci, = —(n+1eky, (D13)

with afo =1, af_l =0, and Bcu = Ycu + dcu. In this
work we take the amplitude in (D11) to be

~trans __ giecH
(rtrans _ giccn

(D14)



so that (D10) matches the normalization of R (r) in our
MST series calculations.

We can connect (D5) and (D10) to the hyperboloidal
functions ¥+ and their derivatives via (B17), allowing us
to generate initial values for our numerical solvers. (D5)
converges for (r —r+)/(2M k) < 1, and therefore is suit-
able for generating initial values for the radial Teukolsky
solutions at the initial radial point r_;, < r4 + 0.01M,
provided x > 0.005 or x? < 0.999975. This condition is
met in this work. However, because the coefficients are
complex and can alternate sign, it is possible for (D5) to
experience catastrophic cancellation before converging to
some required precision goal. Therefore, when comput-
ing initial data with this expansion, we track any poten-
tial precision loss. If more than 4 digits of precision are
lost before the series converges to a precision < 107!3,
then we consider the Frobenius expansion method to have
failed.

On the other hand, (D10) does not formally converge,
just as we expect for an asymptotic series, with the co-
efficients growing like af,, ~ nain_l/SCH as n — oo.
However, for small values of (2Mk)/(r — r_) the series
will initially decay. Therefore, when we truncate the sum
at some finite value of j, (D10) provides a sufficiently
accurate approximation of RT. We evaluate (D10) at
.. > 50M and perform the sum until the last two terms
meet the convergence criteria,

) . —1
Toafy (o T
(Zo () ) <m0

=0 %1,

If this convergence criteria is not met before the series
begins to diverge, then we consider the asymptotic series
method to have failed.

Appendix E: Spectral integration of the secular
averages

Consider some real-valued function J that depends on
the worldline of the scalar charge as it follows a reso-
nant geodesic. Then its evolution in Mino time A can be
parametrized in terms of the angle variables ¢, = Y, A
and gg = Yo, e.g., J(¢r,q9). Now we average J over
one resonant Mino period A via the integral,

1 A
<j> - X/ j(Qr =T, A q0 = ToA+ q‘go) d, (El)
0

where ggo sets the initial phase of the charge’s resonant
motion at A = 0.

To numerically evaluate (E1), first we take the two-
dimensional discrete Fourier transform (DFT) of 7,

N—-1N-1
~ 1 2nb 2 (ak+bn
in = 7 (17\Tr ’ﬁezm( ), (B2)
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and then we approximate the integrand as a truncated
Fourier series

N/2 N/2
F[J] = foh +2Re ) > fil e itkaotnar) (E3)
k=1n=1
N/2 N/2
+ 2Re Z Z f,fN_ne_i(kq"_"q”)
k=1n=1
N/2 N/2
+ 2Re Z fl;%e_ikqe + 2Re Z fdzle_i"‘“,
k=1 n=1

where Re[f] refers to the real part of f. In (E3) we
have taken advantage of the fact that, because J is real,

f/{n = f_Jk _,- For sufficiently large values of N, the

series representation F[J] faithfully approximates J to
machine precision [33], i.e.,

F
‘1 - ‘[7‘7]‘ < €DBL- (E4)

In general, we do not know the minimum value of N that
meets this criteria before we construct F[J].

Finally, we evaluate (E1) by replacing J with F[J].
Only the zero-frequency modes will contribute to the in-
tegral. Because ¢, = Y./8, = T9/By = T (see Sec. ITA),
the integral reduces to a sum over the (k,n)-modes that
satisfy Bgk — Br-n = 0 with £ > 0 and n > 0. This gives
a Fourier series representation of (J),

N/
(J)~ F +2Re»  F e thaeo, (E5)
k=1
where Fy = f5),
- 1 = BrN
J J r_ r
Fi _thk,N—ng/ﬁrv N —ﬂoor{2ﬁ9}, (E6)

and floor[X] refers to the largest integer that is less than
X.

Appendix F: Fourier representation of radiative
averages

Because the radiative averages (7 >Zzé°° in (107) will
vary with respect to ggo, we can express each average as

a Fourier series,

(TP = F Mo 4 oRe YO FT M0 etbao - (F1)
b=1

where we have taken advantage of the fact that
]:"1;7’%/00 = ffgﬂ/oo since <j>zé°° is real-valued. The
advantage of this Fourier representation is that the sum
in (F1) is rapidly convergent. Thus, in a numerical cal-

culation we can truncate the series after summing over



just the first few terms. This means we only need to

calculate the first few coefficients (e.g., b < 8) in order

to accurately approximate (7 )géoo for any value of ggq.

As an example, we outline an efficient method for calcu-

lating .7-",;7 "> using the fiducial normalization coefficients

é+ ]_N-J H
b

jmkn> as well.

though these methods generalize to

Using (50) and (107), the coefficients take the form

~J,00 _
F =

D DI DI DR A (F2)

jmN (k,n)n (K ,n') N
2
Cfmk/n’/ dzqeo ei(b-‘rk_k/)qeo?
0 m
1 oo oo
“w 2 2 T (F3)
=0 k=—

j [e’e)
J
Z Z Ak(N = Bok)/ 8, WmN (F4)

m=—j N=—

x Ct

jmkn

+ ¥
X C k(N —Bok)/ 8, Cim(b4 k) (N—Bob—Bok) /By

where wp, vy = mfly + NQ. First we find that when b =
0 our expressions reduce to our nonresonant mode-sum
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expressions for our averaged quantities,

1 N 2
J,00 _ J +
5o T 4 Z Amk(N—Bek)/Br “WmN ijk(NflE)/ﬁr ’
jmkN
1 .
77_‘. Z Aiknwmkn|c;rmkn|2’ (F5)
jmkn

just as we expect. R

While we can calculate F5, directly from (F3), in
practice we use the symmetries of the amplitudes to sim-
plify this expression and only sum over positive frequency
modes w,,y > 0. Separating the wmn >0 a 0 and w,,y <0

4), we find that fb]k

this with ]_-57,%1/00 = ]-"fb’H/OO tells us that the Fourier co-
efficients must be purely real. Taking advantage of these
properties, we can arrange our sums so that we only need
to consider m and N values such that w,,y > 0,

terms in (F =F } - Combining

~ 1
T ,00
Fy Ry Z Z meBikbN (F6)
ik wmnNn>0
At
X C k=80 8, Cmn(b k) (N —ob—Bo )/ 5.

J T

BmkbN - Amk(N—ﬁsk)/ﬁr + Am(ker)(N*ﬁeb*ﬁek)/ﬁr'

Furthermore, because the mode amplitudes C’fm &p, Vanish
if j4+m+k=odd, F;"° = 0if b = odd. So we only

need to calculate ]:-g)/,oo for & > 0. This is consistent with
H /oo

what we see in full numerical calculations of (J )rad
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